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MECHANISM OF START AND DEVELOPMENT OF AIRCRAFT CRASH FIRES ^ 

P>y I. Irving Pinkkl, (J. Mkrritt Prkston, and Gervkd J. Pesman 


SUMMARY 

Full-scale aircraft crashes^ devised to give large fuel spill- 
(ige and a high incidence of fire, were made to in ceMigate the 
mechanism of the start and development of aircraft crash 
fres. The results are discussed herein. This investigation 
revealed the characteristics of the ignition sources.^ the man- 
ner in ichfch the comhu.stihles spread, the mechanism of the 
union of the comhicdildeH and ignition sources, and the per- 
tinent factors governing the development of a crash fire as 
ohserved in this program. 

INTRODUCTION 

Iveceiit aeroinedica] I’eseaiTli lias sliown tliat the ina^ijitmle 
of deceleration hiiinaii beings can witlistand witlioiit serious 
in juries varies inversely witli the time for which the decelera- 
tion is applied. The fact that in many airplane crashes high 
decelerations often exist for only extremely short periods 
of time indicates that worthwhile gains in crash survival 
might be realized if the fire that often accompanies crash 
were avoided. Acting on tlie recommendation of the XACA 
Committee on Operating Problems and the Subcommittee on 
Aircraft Fire Prevention, the XACA Lewis laboratory has 
engaged in a study of the airplane crash-lire problem. This 



Figure 1. — C-4G airplane used in aircraft crash-fire program. 


^ Supersedes XACA RM E52F0G. ^‘Mechanism of Start and Development 
Pesman. 


study of the nanner in which crash fires start and develop 
is intended t* serve as factual background on which features 
of airplane - igii can be based in order to reduce the like- 
lihood of fii\ Mowing crash and to improve the chances for 
escape or re.‘ le should fire occur. Although this study will 
! ultimately : .elude aircraft powered with various types of 
I turbine engines as well as reciiirocating engines, this report 
considei's only the work completed on aircraft with reci{)ro- 
cating engines. While the initiation of crash fires and the 
I subsequent development of these fires are related events, the 
! factors of interest in each of these events are (juite difl'erent, 
and they are therefore treated separately in this re])ort. 

The current crash-fire research program is one of several 
studies made in the last years. In general, the results 
of earlier work have l)een verified in this more comprehensive 
investigation. Of particular interest is the full-scale crash- 
fire study made from 1 921—28 by the U. S. Army Air Corps, 
in which single-engine fighter aircraft powered by Hispano 
Swiza engines were employed. Xotable contributions to the 
field of aircraft fires have been made by W. G. Glendinning 
and his associates in England. 

The program on crash fire considered herein was conducted 
with modern aircraft and instrumentation on a scale suffi- 
cient to ])ermit an appreciation of important factors not 
possible heretofore. 

The current crash-fire study began in 1949 with a review 
of jiast crash accidents, civil and military. The investiga- 
tion of crash-fire accident records (ref. 1), however, failed 
to reveal well-defined mechanisms for crash fire, ])i*imarily 
because tlie pertinent jiliysical factors acting to initiate the 
fire are often concealed fi'om view or are too short-lived to be 
reported accurately by eyewitnesses. Fire damage also ob- 
scured the true nature of the disruption suffered by the air- 
plane that relates to the fuel spillage and generation of igni- 
tion sources. The need for conducting full-scale crashes 
under conditions permitting careful observation of the suc- 
cessive events in the crash was a]Dparent from this accident 
study. Acquisition of service-weary twin-engine cargo air- 
ci-aft from the U. S. Air Force for full-scale crash research 
made possible the analysis of the mechanism of crash fire 
discussed herein. Photographs of the low-wing C-46 and 
the high-wing C-82 airplanes used are shown in figures 1 
and 2, respectively. A few of the features of each airplane, 
to which later reference will be made, are indicated in the 
I figures. Of the 17 full-scale crashes conducted so far in 
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ITguke 2. — C-82 airplane used in aircraft crash-lire proj^rain. 


this pro^nim, four were C-4G airplunes and IG were (^-82 
airplanes. 

Since it is desirable to study the mechanism of crash tires 
under circnnistances that approximate real crash conditions, 
a ban*ier was designed to impose the cross damage to the 
airplane similar to that Avhich may occur in unsuccessful 
take-offs and landings, in which severe engine damage and 
major fuel spillage occurs. Airplane crashes at flight speed 
into obstructions such as buildings and mountainsides usu- 
ally involve a degree of airiilane disintegration so severe that 
design measures or equipment arranged to reduce the likeli- 
hood of tire are rendei'ed impotent. For this reason, atten- 
tion in this study is focused on crashes that occur at take-otl 
and landing speeds, where the likelihood of personnel sur- 
vival of the impact is high and design safety features and 
crash-tire protection equipment that may be enq)loyed have 
a reasonable chance to serve their function. 

The iTSults of the curi*ent work aiu limited to those fea- 
tures of airplane crash fires that have been investigated in 
this program. While an attenq)t has been made to include 
in this study as many factors involved in crash fires as are 
revealed by past ex})erience and current results, undoubtedly 
there remain areas that are not covered in this work. 

A synopsis of this report is included at the end for those 
who are not interested in a detailed discussion of the subject 
material. 

METHOD OF CONDUCTING STUDY 

A complete discussion of the crash technique employed in 
these studies is given in reference 2. It is useful, however, 
to repeat some of the salient features of this technicpie. A 
crash site, shown schematically in figure o, was arranged to 
permit the airplane to accelerate from rest under its own 
power and, constrained by a single guide rail, to arrive at 
a crash barrier at a))proximately take-off' speed (80 to 
105 mph). The crash barrier is shown in figure 4 (a), and 



Figukio 3. — Schciiiatic of test site for aircraft crash-lire 

program. 

schematic views of the airplane as it [)asses through the bar- | 
rier are showi\ in figures 4 (b) to (d). (The height of the 
abutment Avas adjusted to permit ajiproxiinately 18 in. of 
the propeller tip to hit the barrier (fig. 4 (b).) The dis- | 
i*upted engine and nacelle installations resulting from the 
propeller impact with the barrier generate a variety of igni- 
tion sources and fuel spillages, characteristic of this type aii’- 
plane accident. Because the chances of obtaining a fire are 
higher Avhen the damaged engine and its associated ignition 
sources stay with the airplane carrying the fuel than Avhen 
the engine is dropped at the crash barrier, an attempt was 
made to restrict the barrier height to provide extensive en- 
gine damage short of engine break-out. The abutments in 
the ])atli of the two main landing Avheels ri]i out the landing 
gear (fig. 4 (c)). As the airplane moves through the bar- 
rier, the leading edges of the Avings are cut by inclined poles 
(fig. 4 (d)) fitted Avitli steel pins installed in comb-tooth 
fashion, Avhich slice open the Aving fuel tanks on both sides 
of the airplane. The airplane then slides to rest on the 
ground beyond the barrier. By these crash-barrier arrange- 
ments, it Avas hoped to impose damage sufficiently diverse 
so that a large percentage of actual crashes could be con- 
sidered to be made up of all or seAural of these damaged 
components variously combined. By careful instrumenta- 
tion of the crash airplane and camera coA’erage of the crash 
site Avith standard and greater-than-normal speed cameras, 
an appreciation Avas obtained of the way a A^ariety of factors 
act to initiate a fire. 

Instrumentation and data-recording equipment Avere car- 
ried on the airplane to obtain the folloAving information at 
a])propriate times during the crash and ensuing fire: 

( 1) Fire location throughout nacelles, Avings, and fuselage 

(2) lArsonnel compartment temperatures, ambient and 
radiant 

(>1) Distribution of combustible mixtures in Avings and 
nacelles 

(4) Timing and location of electilcal short circuits 

( 5) Timing of fuel-line ruptures 

((>) Acceleration of separate components of airplane in 
crash 

These data Avere converted to electric signals that could be 
read on panel-located iiieters and indicating lights carried 
in a fireproof box in the airplane. The signals AAure photo- 
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graphed 10 times per second tliroiigli tlie crasli impact and 
ensuing fire. 

Ail airplanes carried a total of approximately 1050 gallons 
of fuel in the outboard wing tanks ecpially distributed be- 
tween the wings. In almost every crash, the fuel tempera- 
ture was between 70° and 80° F. Fuel preheating was em- 
ployed when required by the weather. Gasoline and low- 
volatility fuel (8 mm Hg Keid vapor pressure) were em- 
l^loyed. Unless otherwise stated, the fuel employed in a 
given instance was aviation-grade gasoline. Inspection data 
of the two fuels are shown in table I. In some cases the fuel 
was dyed red for photographic purposes. In these cases a 
notation has been made on the figure. 

In order to appreciate fully the significance of some of the 
factors in the mechanism of crash fires observed in the full- 
scale crash studies, a parallel set of ground studies was con- 
ducted. These ground studies helped to define the circum- 
stances under which a particular factor or combination of 
factors could initiate a fire and indicated how these factors 
were influenced by variables such as wind, fuel volatiliU", 
state of motion of the airplane, and arrangement of the air- 
plane components in their normal and crash configurations. 

MECHANISM OF CRASH FIRE 

A consideration of the results obtained in the first few 
airplane crashes conducted in this program showed that a 
detailed approach to the problem is required if erroneous and 
contradictory impressions are to be avoided. Factors that 
were believed to be of secondary importance or that were 
ignored entirely in a superficial approach were revealed by 
tliis study to control the methods by which fire occurs. 

Inquiry into the manner in which the crash fire occurs cen- 
ters on the answers to two principal questions: How and 
when do ignition sources appear in the airplane crash, and 
How does the fuel come into contact with the ignition 
sources? A proper consideration of the mechanism of crash 
fire thus requires that the subjects of ignition sources and 
fuel spillage be treated concurrently. In the organization of 
this discussion, however, it is useful first to consider brieflv 
the factors controlling fuel ignition and the origin of igni- 
tion sources and then to consider them again concurrently 
with a discussion of the fuel spillage. A series of crash ex- 
periments with aircraft modified to reveal effects not readily 
apparent with the aircraft in their normal configuration is 
discussed separately for ])urposes of clarity. 

FUEL IGNITION 

In general, the range of the variables influencing fuel ig- 
nition in an airplane crash is within the range of existing 
combustion experience, and this inforjnation is of signifi- 
cance in crash fires. The scientific literature contains sev- 
eral summaries of the factors controlling liydrocarbon fuel 
ignition. Reference 8 is an example of a recent report on 
tile subject. Imfortimately, the sjiace in which combustible 
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(d) 


(a) Approach runway and crasli harrier. 

(h) Impact of propeller with ahiitnient. 

(c) Impact of landing gear with aliutment. 

(d) Impact of wing with ixile barrier. 

F^iGUia: 4. — Crash barrier and successive views of airplane as it passes 
through barrier. 

mixtures are formed and the ignition sources appear in a 
crash is too large for a measurement of the factors influenc- 
ing fuel ignition to be taken during the crash. The range 
of values of many of tliese factors is fixed, however, by the 
fact that the crash fire occurs at ground level, usually below 
10,000 feet. This fact defines the range of air pressure, tem- 
perature, and velocity that exists in a crash. In view of 
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(a) Effect of residence time on ignition temperature of aviation gasoline. 

(h) Effect of surface area on surface ignition temperature of 7 percent quiescent mixture of natural gas and air. Ignition .surface, nickel. 
( Data from ref. 3.) 

(c) Variation of surface ignition witli gas-str(‘am velocity for a stoichiometric mixture of pentane and air at atmosjiherie i)ressur(‘ and tenqx'ra- 
ture of l.V>® F. Ignition hy 14 -inch heated stainless-steel rods. ( Data from ref. 3.) 
fd) Variation of minimum ignition energy of comhustihle-air mixtures with percentage stoichiometric mixture. 

FiauRE 5.— Variation of spontaneous-ignition temperature with residence time, surface area, and air velocity. 


tliese limitations, the |)i*incii)al function served by a back- 
oi'onnd in fuel ignition is in lielitin^ to define tlie circum- 
stances, sometimes (jiiantitat i vely and often (jualitatively, 
tluit must liave existed in a crash to ^ive tlie observed results. 

AVliile much concerning fuel ignition is well-known and 
need not be repeated here, the subject of the spout aneous- 
i^iiition temperature of hydrocarbons presents certain subtle- 
ties that have been the source of much confusion and merit 
considei’ation. Thief amon^ these subtleties is the fact that 
there is no single assio-nable minimum i^uition temperature 
foi- hydrocarbon fuels. Kx|)erimeuts on the so-called 
s])ontaneous-i^nition tem])eratui-e, conducted in appai*atus in 
wliich combustible concenti’ations of hydrocarbons are con- 
tained in a uniformly heated cavity of known temiiei’ature, 
])rovide an ignition temperature-time curve, such as that 
shown in figure 5 (a), taken from reference 4 and from un- 
])ublished XA(\V data. On this (io*ure appears a curve for 
100 / 1:^0 grade aviation fuel. These data were obtained in a 


standard A.S.T.M. spontaneous-ignition-temperature appa- 
i‘atus. The otluu’ curve on this figure is for aviation gasoline 
iu use at the time of the experiments ( 11)30) 'which was ])i*ob- 
ably 8()-octane fuel. These data were obtained in an enclosed 
steel tube T2 inches in diameter and 12 inches long. 

From these data it may be seen that, as the residence time 
of the fuel at elevated temperature increases, the minimum 
temperature at which ignition may occur reduces. For a brief 
residence time of 2 seconds for 100/130 grade gasoline, the ig- 
uition tem])erature is 1020° F. This ignition temperature 
1 ‘educes to 850° F for a residence time of 6 seconds. By com- 
paring these data to those of reference 4, it can be seen that 
this ignition temperature may go even lower if the fuel re- 
mains in contact with the heated sui-face for a longei* time; () 
seconds is the longest residence time for which data are avail- 
able at this time. Variations in the chemical composition 
and fuel-air ratio will shift the position of this curve on the 
time-temperature coordinates without altering the essential 
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fact that the ignition temperature declines with increasiuo; 
residence time. It is important to appreciate tliat the resi- 
dence time refers to the time a o-iven fuel molecule stays at 
the ]irescribed temperature, ^rinimum spontaneous-ignition 
teniperatnres for lubricating oil and foi* hydraulic fluid were 
obtained in references 5 and G, respectively. A minimum 
spontaneous-ignition tempei'jiture for lubricating oil of 770° 
I was obtained with a residence time of G seconds. The 
minimum spontaneous-ignition temperature for hydraulic 
fluid was 487° F at a residence time of 140 seconds. When 
the fuel-air mixture is not contained in a uniformly heated 
cavity but contacts a hot sui*fare maintained at teniperatui’es 
appreciably above that of the neighborhood, the fuel con- 
tact time with the hot surface is governed by the area of the 
sui'face and tlie magnitude of natural-convection currents 
associated with the hot surface or the local forced-air circu- 
lation rate ])roduced by wind or aii*])lane motion. Figure 
5 (b) illustrates the marked dependence on sui’face size of 
the minimum surface temperature required for ignition, and 
figure 5 (c) shows how the air motion adjacent to the heated 
surface raises the surface temperature recpiired for ignition. 
It is evident from these data that the surface temj)eratni*e 
required to ignite a mixture of fuel and air which is in 
motion past a liot engine exhaust-disposal system is higher 
than that re([uired when the exhaust-disi)osal system is at 
]*est in the same atmosphere. Combustible mixtures resi- 
dent witliiji stationaiT engine cylinders where prolonged 
residence time is possible would have spontaneous-ignition 
temperatures that can be as much as 100° F l)elow the sur- 
face temperatures required of the exhaust-disposal system 
for fuel ignition excei>t in a sheltered zone, according to the 
data of figure 5 (a) . 

In contrast with the time delay associated with ignition 
by hot surfaces, Haines and electric sparks provide almost 
instantaneous ignition. The energy required in an electric 
spark to ignite the constituents of gasoline decreases from 
0.0 to 0.1 inillijoule as the fuel-air ratio changes from 
stoichiometric to 1.8 times stoichiometric (Hg. 5 (d)). 

Because of the interaction of all these variables in estab- 
lishing an ignition temjierature, a preliminary study was 
made with an oiierating engine to determine the ignition 
temperature of gasoline and lubricating oil on the hot 
exhaust-collector ring. The minimum ignition temperature 
obtained in these studies was 950° F for aviation gasoline 
and 7G0° F for lubricating oil. Ignition of hydraulic fluid 
was obtained at G00° F; however, no attempt was made to 
obtain a lower ignition temjierature. 

In the subsequent sections of this report, these data on fuel 
ignition will be helpful in interpreting some of the observa- 
tions made in the ci‘asli-fire studies. 

IGNITION SOlliCES 

The ignition sources revealed by the full-scale airplane 
crash studies can be classified in the following broad cate- 
gories : 


(1) Hot surfaces 

(2) Friction and chemical sparks from abraded airplane 
metals 

(3) Engine-exhaust flames 

(4) Engijie i])duction-system flames 

(5) Electric arcs, and electrically heated wiring and lamp 
filaments 

(G) Flames from chemical agents 

(7) Electrostatic sparks 

HOT SURFACES AND FRICTION AND CHEMICAL SPARKS 

I Almost all hot metal surfaces present in a crash previous 
to the start of fire are carried by the aiiqilane before crash 
impact. These surfaces include the exhaust-disposal system, 

I exliaust-gas lieat exchangers or combustion heaters, and the 
high-temperature spots of the engine cylinder interior. In 
I a crash at take-ofl‘, the highest temperatures at local areas 
of the exhaust-disposal system exceed 1200° F because of the 
high engine power level employed. The lowest temperature 
of tlie exliaust system at wlucli gasoline ignition was obtained 
on the external surfaces was 950° F. In a normal landing, 
the exhaust-disposal system has temperatures as high as 
840° F in local areas. These data were obtained with a 
C-82 airplane. IVhile this temperature is too low for gaso- 
line to ignite readily, it is high enough for tlie ignition of 
lubricating oil that may, in turn, ignite the fuel. This gaso- 
line ignition temperature of 950° F is in keeping with the 
data shown in figures 5 (a) and (b), in view of the large 
heated surface area presented and the low residence contact 
time between fuel and surface permitted by the convective air 
movement around the exhaust-system components. If high 
engine power is employed to correct a faulty landing ap- 
proach, liigli exliaust-system temperatures characteristic of 
take-ofl may occur upon landing as well. Ignition sources 
in this category are likely to remain fixed in ])osition with 
respect to the rest of the airplane in the take-off and landing 
type of crash considered in this study. Loss of an engine 
from the nacelle, however, will free some of tliese hot sur- 
faces to move into diflferent zones around the airplane. 

Probability of ignition on hot surfaces is high, because 
they are present at the moment of crash and remain at dan- 
gerous temperatures for several minutes thereafter. The 
temperature liistoiy of the exhaust-disposal system, for ex- 
ample, taken during crash (fig. G), following operation at 
take-off ])ower, indicates that it takes 30 seconds for the 
hottest portions of the exliaust -collector ring to cool to 950° F, 
the lowest temperature at which gasoline will ignite readily 
on the external surfaces of tlie exhaust system, and 84 sec- 
onds to cool to 7G0° F, the lowest temperature at which 
lubricating oil was observed to ignite readily. 

Tlie hot surfaces of the engine cylinder interior also can 
ignite a fuel-air charge. Since the situation within the cyl- 
inder approximates the circumstances under which the 
spontaneous-ignition temperature of gasoline was measured 
in a cavity bounded by hot walls, the data of figure 5 (a) 


265672—54 2 


REPORT — XATIOXAL ADVISORT” COATAIITTEE FOR AERONAUTICS 



apply. These data sliow tliat tlie ignition of gasoline is pos- 
sible if the elleetive teniperatiire of a portion of the cylindei 
contents remains above 850^ Y for the 8 seconds invobed. 
Snch conditions are ])robable aronnd tlie s])ark phigs in the 
cylinder head and the exhanst-valve assembly. Following- 
operation at full engine i)ower, elements of the exhaust-valve 
port and assembly may be hot enough to ignite the fuel-air 
charge almost immediately upon contact. At times, how- | 
ever, the cylinder charge that is ingested just as the engine j 
rotation sto})S ignites after many seconds residence time in 
the cylindei-. In one of the instances noted in this study, j 
the resulting flash appeared as a backfire 3.7 seconds after the i 
engine i-otation ceased. The appearance of this flame at the 
engine inlet is shown in figure 7 (a). Another example 
noted in this study is shown in figure 7 (b), in which case 
the engine ignition system was cut 2 seconds before impact 
while the engine was developing full ])ower. At 2:1 seconds 
after impact, the backfire shown in figure 7 (b) occurred. 

The hot surfaces of friction sjiarks and the jiareiit metal 
surface from which the sparking particles are abraded rep- 
resent possible ignition sources that can appear only vhile 
the crashed airplane is in motion, by virtue of the mechanism 


by which friction heat and abrasion are developed. Sparks 
of suflicient size and temperature to ignite gasoline have been 
obtained from steel airplane parts bearing on concrete pav- 
ing with contact pressures in excess of 100 pounds per square 
inch. Ground studies under simulated crash circumstances 
showed the ignition hazard also associated with the abrasion 
of magnesium on concrete jiaving or stony ground. Ihe 
abraded magnesium jiarticles ignite in the air and provide 
ignition sources whose temperatures are considerably greater 
than those of abraded steel particles. The high tempera- 
tures of the latter are obtained primarily from friction heat. 
It is useful to designate sparks that owe their elevated tem- 
peratures to high oxidation rates as chemical sparks. Chemi- 
cal sparks of sufficient size and temperature will ignite avia- 
tion gasoline with moderate loads between the materials in 
grinding contact. Friction sparks that woidd ignite avia- 
tion gasoline must be generated with high bearing force per 
unit area. 

Wheel brakes heated to temperatures high enough to ig- 
nite hydraulic fluid and possibly gasoline by heavy applica- 
tion of the brakes have been reported elsewhere and must be 
included among the hot-surface ignition sources, even though 
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they were not encountered in these studies. Circumstances 
under which the brakes plus the hydraulic fluid might con- 
stitute an ignition source were observed in a crash in which 
the wheel and strut stripped from the airplane at the crash 
barrier followed the airplane in its skid along the ground. 
Tlie hydraulic fluid, contained under air jiressure in the 
landing-gear strut, issued as a fan-like spray from a longi- 
tudinal crack in the strut. If these circumstances were to 
exist in a crash in which heavy braking was employed previ- 
ous to or during the crash, experience with ignition of hy- 
draulic fluids would indicate a high probability of fire, first of 
the hydraulic fluid and then of the gasoline that may flow to 
the wheel from the crashed airplane. 

EXHAUST FLAMES 

Plumes of exhaust flames appear in the crash when fuel 
from the disrupted engine passes into the exhaust-disposal 
system without completing its combustion in the normal 
manner in the cylinder. Such a condition may result from 
failure of a spark plug to ignite the fuel, failure of the 
exhaust valve to contain tlie burning cylinder charge, or 
excessive enrichment of a cylinder charge, which burns as 
a torch in the air at the exliaust-pipe exit. If tlie engine 
ignition is cut off' wlien the engine is drawing fuel, a series 
of flames often appears at the tail pipe (fig. 7 (c) ) . If the 
ignition is cut off just prior to a crasli, the exhaust 11a mes 
may continue to appear following crash impact. Several 
momentary flashes of exhaust flames are likely to occur im- 
mediately after impact of the engine propeller blades with 
the ground. These flashes may continue at irregular inter- 
vals as long as the engine drive shaft is rotating and fuel is 
drawn into the engine. Because an airplane crash does not 
always stop the engine completely, exhaust flames can appear 
for several minutes after crash impact. The appearance of 
one of the longest exhaust flames observed in these studies 
is shown within the circle at the engine exhaust in figure 8. 
In no case did an exhaust flame extend 16 inches beyond the 
exliaust exit and last for more than 0.2 second in the crashes 
studied. In the three instances in which engines were torn 
free from their mounts in the crash, no exliaust flames were 
observed during and after engine separation. Loss of the 
carburetor at the beginning of engine sejiaration may be the 
reason for this effect. 

ENGINE INDUCTION-SYSTEM FLAMES 

Engine induction-system flames appeared less frequently 
than exhaust flames in the airplane crashes conducted so 
far. Backfire of an engine cylinder charge out the inlet port 
and consequent ignition of the induction-system fuel-air mix- 
ture is a principal mode of development of induction-system 
flames. Because a cylinder charge may become ignited sev- 
eral minutes after the engine has stopped rotating, the 
induction-system flame can appear at any time from the mo- 
ment of the crash to several minutes thereafter. If the en- 
gine induction system is intact in the crash, the flame appears 
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at the entrance to the engine inlet scoop. Wherever the en- 
gine inlet system is broken, the flame appears as well. 

ELECTRIC ARCS AND ELECTRICALLY HEATED WIRING AND FILAMENTS 

Disruption of the extensive airplane electrical system in 
a crash may provide ignition sources at widely scattered loca- 
tions. Wires that are completely severed may provide elec- 
tric arcs between the high potential wire terminal and the 
grounded airplane structure of sufficient intensity to ignite 
fuel or other combustibles. Wires may become incandes- 
cent by short circuits resulting from abrasion of wire insula- 
tion or collaiise of the metal housing of a junction box onto 
the terminal post located within the box. Incandescent light 
filaments are normally present during flight at night. Be- 
cause of the relatively large diameters of the filaments of 
the landing light, temperature high enough for gasoline ig- 
nition may* exist for at least 0.75 to 1.5 seconds after the 
light bulb is smashed and the filament broken (refs. 7 and 
8). Momentary electric sparks produced by interrupting a 
current-carrying circuit are more likely to have sufficient 
energy to ignite fuel if the circuit contains coils such as the 
electromagnets employed in relays and valves. 

About 0.15 millijoule is the minimum energy for spark ig- 
nition of a stoichiometric mixture of hydrocarbons and air 
under approximately standard conditions of pressure and 
temperature (ref. 0). This minimum energy is affected by 
size, material, and spacing of contacts and the rate and man- 
ner in which the energy is delivered. With an optimum con- 
tact separation of 0.65 inch, the effect of contact size is neg- 
ligible. As the contact spacing is decreased, the minimum 
energy for ignition and the effect of contact size increase. 
With a needle contact, the minimum energy required for ig- 
nition is doubled when the contact spacing is decreased from 
0.65 to 0.2 inch. With a contact size of 0.19 inch, the energy 
required with a contact spacing of 0.2 inch is five times that 
required at 0.65 inch. Greater energies are required with 
smaller separations because of the quenching action of the 
contact surfaces (ref. 10) . Beference 11 indicates that, when 
the rate of delivery of energy is exponential, 90 percent of 
the energy must be delivered in less than 50 microseconds to 
provide sufficient current for ignition. In crash fires in 
which disruption of low-voltage circuits is tlie biggest ])i*ob- 
lem, arcing potentials are obtained from inductances con- 
taining considerable resistance that will absorb energy ; since 
the minimum value given represents the energy delivered to 
the combustibles, the total circuit energy will be larger by 
that amount absorbed by the resistance. Because storage 
batteries are i^art of tlie airplane low-voltage circuit, elec- 
trical ignition sources may persist for several minutes after 
crash. Very often, however, electric arcs rapidly burn away 
the metal forming the arc electrodes, and the arc persists for 
not more than 0.6 second (ref. 12). A restrike of the arc is 
})ossible as the airplane continues to deform in the crash or if 
the wind deflects the airplane structure adjacent to an electri- 
cal failure and new electrical contact is made momentarily. 
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FLAMES FROM ( HEMICAL AGENTS 

Combustible chemical agents commonly carried on the air- 
plane, in addition to the fuel, include the petroleum-oil-base 
hydraulic fluid, lubricating- oil, and alcohol for icing protec- 
tion. During flight, the ignition of any of these agents can 
pi-odiice disasti-ous lire even if the fuel nevei* becomes in- 
volved. On the ground, however, a fire is seldom serious 
with res])ect to })assenger survival until the fuel is ignited. 
For this reason, it is convenient in a discussion of crash fire 
to classifv these agents wlien aflame as ignition sources in 
the same sense that |)lumes of burning fuel issuing from the 
engine exhaust are considered ignition sources. 


Because all these chemical agents wdll ignite at lower tem- 
[)ei’atures than gasoline and some may inquire less energy 
in the electric s[)ark for ignition, the t)resence of these agents 
improves the likelihood of the aptnairance of flaming mate- 
rials in a ci-ash. Once ignited, these agents burn for a long 
time and extend the time over which ignition of the fuel may 
occur. Being li([uid, they can flow by gravity, or be dis- 
ti-ibuted ex[)losively (as in the case of hydraulic fluid con- 
tained at high pressure), or vaporize and move by convection 
to form a conducting path for fire from a fixed ignition 
source to the fuel. 


Distance 

(ft) 



Fujcke 10. — ( 'h;ii-act(M-isli(' pattei-ii of fuel (leposit(*<l in wake of airplane. 
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( a) Backfire from engine induction system 
7.7 seconds after initial impact and 3.7 
seconds after end of engine rotation. 



(b) Flaming out of induction system inlet 
2.2 seconds after Impact with barrier. 
Ignition system cut 2.0 seconds before 
Impact. 


(c) Exhaust flame resulting from cutting 
of engine ignition system during full- 
power operation. 


Figure 7. - Flaming out of engine induction system and exhaust flames from engine exhaust. 



Fire from 
previous 
exhaust flame 


Figure 8. - Largest exhaust flame from engine 
exhaust system observed .during crash pro- 
gram; 3.3 seconds after initial impact. 


I 
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(a) Front view; 0.04 second after impact 
with first pole barrier. Airplane speed, 
125 feet per second. 


(b) Side view; 0.37 second after impact with 
first pole barrier. Airplane speed, 125 
feet per second. 




(c) Front view; 1.5 seconds after impact with 
first pole barrier. Airplane speed, 85 
feet per second. 


(d) Side view; 1.9 seconds after impact with 
first pole barrier^. Airplane speed, 70 
feet ;ger second. 




(e) Front view; 3.0 seconds after impact with 
first pole barrier. Airi)lane speed, 30 
feet per second. 


(f) Side view; 3.4 seconds after impact with 
first pole barrier. Airplane speed, 20 
feet per second. 




(g) Front view; 4.4 seconds after impact with (h) Side view; 4.8 seconds eifter impact with 
first pole barrier. Airplane speed, 8 feet first pole barrier. Airplane speed, 0. 
per second. 

Figure 9. - Development of fuel mist spillage from ruptured wing tanks. (Fuel dyed red.) 
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ELECTROSTATIC SPARKS 

Electrostatic cliarge can be accumulated on airplane parts 
torn from the air})lane in the crash as these parts move above 
ground through the dust and fuel suspended in the airplane 
wake. As the torn airplane part approaches the ground, an 
electrical discharge may occur of suflicient intensity to ignite 
the fuel spread in the airplane wake. Because the bulk of 
the airplane structure sliding along the ground usually makes 
good electrical contact with the ground, significant differ- 
ences from ground potential on this structure are unlikely. 

In general, the ignition sources observed in the crashes 
conducted so far are those expected to apply in airplane 
crashes on the basis of past experience with normal aircraft 
operations and by analogy with circumstances in other tech- 
nical fields tliat are similar to those obtained in a crash. The 
full-scale crash studies indicate how the ignition sources 
arise, the time in the crash that they are likely to appear, and 
the circumstances under which they will start a fire. 

FUEL SPILLAGE 

In a crash, fuel is spilled in liquid form from broken fuel 
lines and tanks, as j)remixed fuel vapor and air from the 
damaged engine induction system, and as fuel mist around 
the airplane when the spillage appears on the outside of the 
airplane while it is in motion. In the last case, tlie pressure 
and viscous forces of the air on tlie fuel ri}> it to mist that 
moves with the air around the airplane. In the crash ar- 
rangements employed in this study, liquid and mist spillage 
occurred in every crash, and carbureted fuel spillage from 
tlie engine induction system in only a few cases. Tliese latter 
instances, however, were sufficient to reveal how such spillage 
initiates fire. 

FUEL MIST 

Because the poles located at tlie crasli barrier ripped open 
the fuel tanks and the adjacent wing skin while the airplane 
was moving at take-off' speed through the crash barrier, the 
first fuel to appear was in mist form completely suspended 
in the air. At this time, the fuel mist (dyed red) had the 
appearance shown in figures 9 (a) and (b). At the existing 
high relative speed between fuel issuing from the tanks and 
tlie air streaming by, a significant percentage of the fuel 
droplets had a sufficiently small size to be suspended in the 
air for many seconds. These small fuel droplets could be 
observed making up the less dense cloud rising above the 
wing in the airplane wake (figs. 9 (c) and (d)). The large 
fuel droplets in the dense cloud remained suspended in the 
highly turbulent air adjacent to a jet of fuel issuing from 
the wing-tank rupture. As they moved to the rear, some of 
these large droplets were intercejited by the fuselage and 
tail-assembly surfaces and the remainder rained to the 
ground (figs. 9 (e) and (f)). As the airplane slowed, the 
average droplet size of the fuel particles increased until the 
fuel appeared to pour in a solid stream from the wing-tank 
rupture when the airplane came to rest (figs. 9 (g) and (h) ). 
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A characteristic ground-wetting pattern provided by the 
fuel de|3osited in tlie wake of the airplane is shown in figure 
10. The fuel trail deposited at the barrier is composed of 
two separate bands, one for each wing, which tend to broaden 
and finally coalesce in the neighborhood of the airplane rest 
point. When a tailwind blows, tlie ground-wetting pattern 
extends forward of tlie wing leading edge. In general, the 
inertia of the fuel carries it forward of the airplane rest 
point. 

Time duration of mist ignition hazard. — Fuel mists in ignitible 
concentrations seldom persist around the airplane for more 
than 17 seconds after the airj^lane comes to rest. The larger 
mist droplets rain to the ground, and the air-borne fuel drop- 
lets are swept from the area by the wind. In passing from 
the area of the crasli, the fuel mist may be blown over the 
engine nacelles, and, during the first few seconds of this 
period, the probability of mist ignition is significant. The 
hazardous period is short, because the last portion of the 
fuel mist to pass over the airjilane is diluted below the ig- 
nitible limit. Even on calm days, the air dragged by the 
crashed airplane in its slide along the ground sweeps over 
the airplane when it comes to rest, and brings with it some 
of the fuel mist suspended in the airplane wake. Fuel-mist 
dispersal times taken from motion pictures of the crash are 
plotted in figure 11 as a function of the wind speed. The 
dispersal time decreases inversely with the wind speed in the 
expected manner. Because of the large error inherent in 
making a visual estimate of the persistence time of the fuel 
mist in the neighborhood of the airplane, indicated by tie* 
scatter of the data of figure 11, it was not possible to evaluate 
the effect of fuel volatility on this persistence time. Fuel 



Figure 11. — Effect of wind velocity on time after airplane stops that 
fuel mist remains around crashed airplane. 
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va])ors associated with tlie mist will move with the wind ap- 
proximately as the smaller mist droplets and may have a 
persistence time a few seconds greater than the bulk mist. 

Dispersion and ignition of fuel mists. — A first cine to the im- 
])ortance of the dynamics of the dispersion of the fuel mist 
in the ignition of the fuel was obtained early in the full-scale 
crash-fire studies when it was observed that this mist can 
})i’()pa^ate in a spanwise direction from the ])oint of spillage 
on the wing and reach ignition sources located in and around 
the nacelle. This spanwise fuel propagation represents a 
displacement of the fuel droplets approximately perpendicu- 
lar to the direction of the relative wind over the moving 
crashed air})lane. It was also observed that, when the point 
of fuel si)illage was located s[)anwise from the ignition 
source, fuel ignition occui’red aftei* the aii‘i)lane slowed aj)pre- 
ciablv from its high speed at the crash barrier. A typical 
instance of this effect is illustrated in figure 12, in which is 
shown a series of pictures taken in sequence as the crashed 
air])lane slid from the crash barrier to its rest point. Each 
photograph of the sei’ies shows an exhaust (lame issuing from 
the engine tail pipe located 5 feet s})anwise from the jioint of 
fuel spillage on tlie wing. Ignition of the fuel mist at the 
engine tail l)i])e occuri’ed, however, when the airplane slowed 
from its initial speed of 12)7 feet \)er second at the crash bar- 
rier to 10 feet per second, tlie speed at which the photograjih 
of figure 12 (d) was taken. (The light that appears on top 
of the jiilots compartment (fig. 12 (c)) is a timing light 
that is part of the airplane ci*ash instrumentation.) 

A study of the s])anwise fuel spread conducted with taxi- 
ing airplanes and simulated fuel spillage (fig. 12) showed 
the following mechanism of fuel dispersion : When the lead- 
ing edge of a fuel tank is breached on a decelerating airplane, 
the momentum of the fuel in the tank jirovides a forward 
surge of the fuel as a solid stream from the tank opening. 



(b) 

(a) llijiii spood and low docadoration. 

(1>) Low siua*d and liiali docekM’ation. 

FiGrur. 14. — ^Scheinatir dia.arain sliowinjr offevt of deceleration and I 
airplane speed on spanwise propagation of fuel mist emerging from , 
ruptured fuel tank. 


Impact with the air spreads the stream to give a spanwise 
velocity component to the fuel })articles somewhat as would 
occur if the solid stream of fuel were to s})lash against a 
wall set normal to the original fuel-jet direction, dhe for- 
ward velocity of the fuel particles is reduced when the span- 
wise velocity component is acquired, and the advancing air- 
plane intercei)ts the spreading fuel mist. If the air\)lane 
moves slowly, the fuel has an appreciable time to spread 
spanwise before interception and can extend to the nacelle. 
Likewise, high decelerations will pioduce high-velocity fuel 
jets that extend well ahead of the airplane and acquire high 
s|)anwise velocities, dlie combination of reiluced airplane 
speed and high deceleration i*epi*esents the critical condition 
of airplane motion with respect to fuel ignition by a source 
removed from the zone of fuel spillage. 

A fuel-mist pattern obtained when the airplane decelera- 
tion is low and the s})eed is high would have the small apex 
angle and consequent low s])anwise extension at the leading 
edge of the wing shown in figure 11 (a). In contrast, the 
mist pattern associated with high deceleration and reduced 
airplane speed (fig. 14 (b) ) shows a wide a]>ex angle and 
appreciable si)anwise spread along the wing leading edge. 

Wetting patterns (fig. 15) obtained with the simulated 
fuel s])illage during the airplane taxiing studies show these 
etfects clearly for four combinations of airplane S[)eed and 
deceleration. The fuel was replaced by dyed water that is- 
sued from the wing at the location indicated in the figures. 
In figure 15 (a), the wetting patterns on the underside of 
the wing obtained with a fuel-jet velocity corresponding to 
a sustained deceleration of a|)j)roximately 2.og are less ex- 
tensiA’e s])anwise than those obtained in the case of the G.4g 
deceleration shown in figure 15 (b). In both figures, the 
wetting pattei ‘11 is broader for the lower airplane si)eed. In 
the high-deceleration case, the fuel mist had a forward ex- 
tension sufficient to wet the ])ropeller blades and cowl inlet. 
Because the fuel droplets in the mist are air-boiaie, a relative 
wind having a spanwise component from the wing tij) to the 



(a ) 1 )pceU*ration. 

(b) 1 )eci‘U*i'atioii, U.4. 

i LUKK l.l.— ijattarn oljtaiiied with simiilattMl fuel .spillage 
(luring airplane taxiing tests. 
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(a) First exhaust flame and spread of fuel 
mist; 1,1 seconds after initial impact. 
Airplane speed, approximately 105 feet 
per second. 



(h) Second exhaust flame and spread of fuel 
mist; 2,0 seconds after initial impact. 
Airplane speed, approximately 70 feet per 
second. 



(c) Third exhaust flame and spread of fuel 
mist; 2.2 seconds after initial Impact. 
Airplane speed, approximately 60 feet per 
second. 



(d) Ignition of fuel mist; 4.1 seconds 
after initial impact. AiiTplane speed, 
approximately 10 feet per second. 


Figure 12. - Ignition of fuel mist hy exhaust flames from exhaust outlet. 



Figure 13. - Test setup conducted with taxiing airplanes for simulating spanwise spread of 

fuel mist during aircraft crashes. 






14 


REPORT 1133 — ^NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



(a) Front view. (t>) Side view. 

Figure 16. - Example of extreme forward and spanwise fuel mist development obtained during 
crash involving high airplane decelerations. Airplane speed, approximately 40 feet per 
second. (Fuel dyed red.) 



(a) Fuel mist; 0.5 second after initial 
impact. Airplane speed, approximately 
95 feet per second. 



(c) First oil fire outside of nacelle; 3.42 
seconds after initial impact. Airplane 
speed, 2 feet per second. 



(e) Spread of fuel mist fii^; 5.3 seconds 
after initial impact. 


(b) Oil vapors emerging from nacelles; 3.38 
seconds after Initial impact. Aii^lane 
speed, approximately 3 feet per second. 



(d) Ignition of fuel mist by oil fire; 3.5 
seconds after initial impact. Airplane 
speed, 0 . 



(f) Spread of fuel mist fire; 6.6 seconds 
after initial impact. 


Figure 17. - Role of oil system in aircraft crash fires. 
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nacelle, as in the case of figure 15, will shift the fuel mist 
toward the nacelle and increase the likeliliood of contact 
with an ignitor. If the relative wind were directly from 
the front, the wetting- pattern would be ai)|)roximately sym- 
metrical about a chordwise line through the fuel-spillage 
point. 

An exani})le of an extreme forward development of the 
fuel mist obtained during a crasli involving liigh airj)lane 
decelerations is shown in figure 1C. The fuel mist extended 




(b) 


(a) Nacelle configuration. 

(b) Oil-line rupture and initial oil tire on exhaust-collector ring 1.9 
seconds after initial impact. 

Figure 18. — Schematic drawing of C-4G airplane nacelle showing oil- 
cooler location and oil-line rupture in crashes. 

28 feet ahead of the wing and reached a height of 12 feet 
above the top of the wing. ]\Iost of the wing span was cov- 
ered by the fuel mist. 

In order to establish the difference in velocity between the 
airplane and the tank fuel required for the fuel to project 
ahead of the airplane, tlie airplane deceleration must be sus- 
tained for a time tliat varies inversely with the magnitude 
of deceleration. In the case shown in figure 16, 0.3 second 
after the fuselage nose struck the ground, whicli represents 
the onset of high deceleration, fuel appeared at the leading- 
edge of the wing with an initial velocity of approximately 
30 feet per second with respect to the airplane wing. One 
second later the fuel acliieved an extension of 28 feet aliead 
of the wing. In the high-deceleration phase following 
impact of the nose, the wing reached a momentary peak 
deceleration of 20g. 

2G5672— 54 4 


Tlie volume of fuel mist generated with a given rate of 
fuel spillage is greater for a high-winged airplane like the 
C-82 than for a low-winged airplane like the C— IG. This 
difference results from the fact that the fuel issuing from 
the tank of a low-winged airplane, the wings of which are 
close to the ground in a crash, is intercepted by (he ground 
before appreciable atomization of the fuel occurs (fig. 17 
(a)). Tlie fuel sweeps forward of the wing leading edge, 
fans out on the ground, and attains a significant spaiiwise 
extension in liquid form (fig. 17 (b) ). Slighdy above this 
liquid spillage is an associated fuel mist generated liy the 
splashing fuel in the relative wind. 

The ignition of the fuel distributed in this maimer by an 
oil fire in the nacelle forward of the wing leading edge is 
illustrated in figure 17. The nacelle installation of the air- 
])lane used in this crash (fig. 18 (a)) shows an oil cooler 
located at the bottom of the nacelle directly behind the 
exhaust-collector ring. Shortly after the air])lane passed 
through the ])oles at the crash barrier, the fuel spilling from 
the wing tanks had the pattern shown in figure 17 (a) , which 
is associated with the low airplane deceleration and high air- 
plane speed sketched in figui’e Id (a). Wl)en the airplane 
nacelles struck the ground, the oil coolers were broken away 
from the oil lines and oil |)oured on the exhaust-collector 
ring (fig. 18 (b)). The air])1ane decelerations resultiuo- 
from the friction and plowing of the airplane structure along 
the ground provided a fuel-mist pattern whose apex led the 
wing leading edge, as shown in figure 17 (b), in contrast to 
the fuel-s])illage pattern at the crash barrier, which was well 
behind the wing leading edge (fig. 17 (a)). At 1.0 seconds 
aftez- imjiact at the barrier, the airplane instrumentation in- 
dicated a small oil fire at the base of the exhaust-collector 
ring (fig. 18 (b)). Visible in the photogra})!! taken shortly 
after this time (fig. 17 (b)) are dense clouds of condensed 
oil vapor issuing from the nacelle. The s])illing fuel can be 
seen ])ouring forward of the leading edge of the wing in 
contrast to its earlier position under the wing at higher air- 
plane speeds, as sliowu in figure 17 (a). In figure 17 (b) 
fuel mist and condensed oil vapor merge to form a continuous 
combustible atmosphere at the reduced airplane speed of 3 
feet ])er second. As the airplane slowed, the fuel pattern 
increased its forward extension (fig. 17 (c)) until, just be- 
foi*e the airplane came to rest, the fuel extended to the nacelle. 
Pi-opagation of the oil fire through the dense condensed oil- 
vapor cloud issuing from the iiacelle jn-ovided the fuel igni- 
tion close to the nacelle shown in figure 17 (d). The fuel 
mist and condensed oil vapor suspended in the air around 
the airplane were made visible to the camera by the flame that 
traveled through them (figs. 17 (e) and (f)). 

Significance of fuel volatility in crashes involving fuel-mist 
ignition. — In crashes in which ignition of dense gasoline mist 
by a ])otent ignition source is involved, the full-scale crash 
studies indicated that the substitution of fuel of low volatility 
for gasoline does not |)i-eveut a fii*e. Izi figui*e 19 (a) is shoAvn 
the ignition of the dense low-volatilitv fuel mist bv an ex- 
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liaiist flame. In aeeordanee witli the ineelianisin of fuel-mist i 
dispersal previously described, this ignition took place 2.0 
seconds after the airplane crashed at the barrier and slowed ! 
to 08 feet ])er second from its crash speed of 150 feet ]>er * 
second. 

A similar hre from fuel-mist ignition by exhaust flames j 
occurred on the right side of the same airplane, as shown j 
in figure 10 (b). The fire burning on the left side of the i 
airplane (fig. 10 (a)), set 1.5 seconds earlier, is also Ausible. 

A second ci*asli in whicli the low-volatility fuel was emi)loyed 
provided a fuel-mist ignition at reduced airplane speed under , 
similar circumstances on the right side of the airplane (fig. 

19 (c) ) . Exhaust flames did not appear on the right engine , 
nacelle in this crash, and fuel ignition did not take place. 

Ground studies of flame propagation through fuel mist. — In 
order to obtain an ap|)reciation of the circumstances under 
which fuels of low volatility will provide a margin of safety | 
over gasoline when dispersed as a mist, ground studies on 
the ignition and ]iropagation of flames through mists of fuel 
with Keid vapor pressures ranging from 0.1 to 20 pounds 
])ei’ square inch were conducted with the multiple fuel- 
nozzle rig shown in ojieration in figure 20 (n ) . Since the de- 
tails are difficult to differentiate in figure 20 as reproduced 
in color, black and white copies of the figure in which the 
details are indicated are also shown. TLhe plume of fuel mist 
issuing upwai'd from the nozzle rig was laid in a horizontal 
direction by the wind. When an ignitor, a burning kerosene- 
soaked rope, moved through the fuel mist toward the nozzle 
rig, the first evidence of ignition of the mist was indicated 
by short tongues of flames extending into the mist down- 
wind of the ignitor (fig. 20 (a) ) . For fuels having a vapor 
pressure equal to or less than gasoline, this first appearance 
of mist ignition occurred in portions of the mist that ap- j 
peared quite dense, the air temperature being approximately i 
G8° F. As the ignitor was brought into the denser mist 
closer to the nozzle rig, the flames propagated as a continuous 
sheet downwind from the ignitor through the mist (fig. 20 
(b)). Tn further displacement of tlie ignitor toward the 
nozzle rig, a point was reached at which the flame propagated 
upwind (fig. 20 (c) ). 

When isopentane, having a Eeid vapor pressure of 20 
pounds i>er scpiare inch, was enqiloyed as the fuel, the mist 
evaporated a short distance downwind of the nozzle rig and 
provided va])or ])lumes that were visible because of the asso- 
ciated optical refraction effects. Ignition of the fuel took 
place in the totally evaporated plume. Tn daylight the 
flame front moving upwind through fuel vapor was visible 
only as a colorless circular wave. Visible flame first ap- 
peared when the colorless circular wave propagated to the 
tails of the fuel mist (fig. 20 (d)). The distance between 
the ignitor and the flame shown in the figure represents the 
displacement of the colorless wave through the fuel vapor. 
The same effects probably would be obtained with gasoline 
on very hot days. 

Data on the maximum downwind distance from the nozzle 


(d) 

( a ) First ignition of mist of aviation gasoline. 

(b) rropagation of flame downwind in mist of aviation gasoline. 

(c) Propagation of flame upwind in mist of aviation gasoline. 

(d) Ignition of i.sopentane. 
lUack-and-wliite prints of figure 20. 

rig that an ignitor must be placed for upwind propagation 
of the flame through the fuel mist obtained in these studies 
tire })lotted in figure 22. Tliese data cover the range of Keid 
vapor pressures from 0.1 to 20 pounds per square inch, for 
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(a) Ignition left nacelle, test 7; 2,0 sec- 
onds after Initial Impact. Airplane speed, 
approximately 98 feet per second. 



Cb) Ignition right nacelle, test 7; 3.5 sec- 
onds after initial Impact. Airplane speed, 
50 feet per second. 



(c) Ignition left nacelle, test 8; 1.9 sec- 
onds after initial impact. Airplane speed, 
74 feet per second. 


Figure 19. - Ignition of fuel mist by exhaust 
flames from exhaust outlet. Low- volatility 
fuel. 




(a) First ignition of mist of aviation 
gasoline. 



(b) Propagation of flame downwind in mist of 
aviation gasoline. 



(c) Propagation of flame upwind in mist of 
aviation gasoline. 



(d) Ignition of Isopenteuie. 

Figure 20. - Ground studies of ignition of 
fuel mists. 


Figure 21. - Small danger distance of avia- 
tion gasoline in liquid state in open air. 
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(a) Impact of poles with landing lights; 0.25 
second after Initial impact. Airplane 
speed, 143 feet per second. 


(h) Ignition on right side of airplane; 0.60 
second after initial Impact. Airplane 
speed, 135 feet per second. 



(c) Simultaneous Ignition of both sides of 
airplane; 0.60 second after initial impact. 
Airplane speed, 135 feet per second. 


(d) Rapid development of fire; 1.8 seconds 
after initial impact. Airplane speed, 

96 feet per second. 


Figure 24. - Ignition of fuel by landing lights. 
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Figure 22. — Maximiini distance downwind from nozzle rijj: that tlaine 
will propagate upwind as a function of fuel volatility and wind 
velocity. Anibient-air temperature, 6S° F. 


an air temperature of 68° F, ^yitll a fuel-flow^ rate of 178 
gallons jDer hour through 17 hollow-cone spray nozzles each 
having a nominal rating of 10.5 gallons per hour. The data 
of figure 22 show that, in a given crash involving ignition 
of fuel mist, the maximum downwind distance the ignitor 
may be from the point of fuel spillage for the flame to propa- 
gate upwind to the airplane through the mist varies directly 
with fuel vapor pressure and inversely with wind speed. 
The maximum downwind distance from the fuel source at 
which upwdnd fianie propagation Avill occur for gasoline 
mists (7 Ib/sq in. Reid vapor pressure) decreases from 8 to 
5 feet when the wind speed is increased from 8 to 18 miles 
per hour. At a wind speed of approximately 16 miles per 
hour, a change from gasoline to isopentajie (20 Ib/sq in. Reid 
vapor pressure) raises this maximum flame propagation 
distance from 5 to 14 feet. Because the distances given on 
figure 22 are a function of the rate of flow of the fuel gen- 
erating the mist, magnitudes shown are of limited signifi- 
cance. The relative magnitudes given are important, how- 
ever. These data are consistent with those obtained by the 
Texas Company in a comparable study (ref. lo), in which 
the fuel mists w’ere generated by dropping fuel-filled bottles 
on a concrete platform exposed to a known wind. The pres- 
ence of the crashed airplane and its debris can modify these 
results materially by providing wind-protected zones having 
loAver wfind speeds than those prevailing generally. The 
likelihood of upwind flame propagation through the fuel mist 
along these wind-protected zones is increased over that which 
would exist in an unobstructed wind. 

These data show some advantage for fuels of low volatility 
under the special circumstances when the ignition source lies 
downwind of the fuel source producing the mist and upwind 
flame propagation through the mist is required to spread the 
fire. In the absence of statistics on the probability of the 
appearance of these circumstances in a crash, it is difficult 
to evaluate the margin of safety provided by fuels of low 
volatility when large fuel mists are generated. 


LIQUID-FUEL SPILLAGE 

The probability of obtaining combustible coiicentrations of 
fuel vapor and air from fuel spilled as liquid depends to a 
large degree on the local air ventilation around this spillage. 
Because of the low ventilation rate in the enclosed cavities of 
the airplane, such as the wings, large volumes of combustible 
concentrations of fuel vapor can accumulate from relatively 
little spillage. In zones such as the nacelle and landing- 
wheel well of a crashed air 2 )lane at rest, moderate ventilation 
rates exist. Relatively large fuel spillage, with evaporation 
taking i)lace from extensive wetted surfaces, is required for 
combustible concentration to be realized in these zones. 
Vapors from liquid-fuel spillage on the ground exposed to 
the wind are subject to a high rate of air dilution, and com- 
bustible concentrations of vapor appear close to the liquid 
fuel only. 

External fuel spillage. — Of the three types of liquid spillage 
just considered, only the ignition hazard associated with 
si)illage on the ground exposed to the wind has been investi- 
gated in some detail at this time. Gasoline spilled in 
open air as liquid on warm ground or paved runways loses 
its more volatile constituents quite readily; the heat of 
eva})oratioii is provided in large part by conduction from the 
unevaporated fuel and the fuel-wetted surfaces. Following 
tlie loss of the most volatile constituents and the associated 
temperature drop of tlie wetted surfaces, the fuel evaporation 
rate declines rapidly. The heat of vaporization is now pro- 
vided primarily by convective heat transfer between the am- 
bient air and the cool fuel. Exploration of the atmosphere 
by a combustible-vapor detector downwind of a pool of avia- 
tion gasoline arranged in pans measuring 16 feet long by 4 
feet wide with the long dimension in the wind direction 
showed that the maximum horizontal downwind distance 
from the fuel at which ignition was possible was approxi- 
mately 2 feet when the fuel was freshly exposed to a 8-mile- 
per-hour wind on a 70° F day. This danger distance vle- 
clined to less than 6 inches after the fuel was exposed for 
several minutes. The downwind-air strata in which com- 
bustible fuel concentrations existed seldom attained a height 
of 6 inches above the fuel level of the ground-su})ported pans. 
This horizontal and vertical hazard distance decreased mark- 
edly with increasing wfind velocities. In a 9-mile-per-hour 
wind a tlame must be placed within 2 inches of the surface 
of the fuel at the downwind lip of the fuel pans in order to 
ignite the fuel. A photograph of the ignition of the fuel 
under these circumstances is given in figure 21, in which 
is shown the proximity of a cable-supported piece of burning 
waste to the downwind edge of the pool of gasoline required 
for gasoline ignition on a 70° F day. The pool of gasoline 
used in these studies is comparable in dimensions to those 
observed around the nacelles of airplanes crashed in this re- 
search. These results on the marked reduction in ignition 
danger distance with increasing wind velocity are consistent 
with those obtained elsewhere with preva])orized fuel re- 
leased to the wind through single pipes. 

Tlie small danger distances around liquid gasoline spill- 
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a^es in open air are due, in ])art, to the fact that gasoline has 
a heat of vaporization of a])proxiiuately 140 lUu per pound, 
wliereas the air wliich sii})plies this heat of vaporization by 
convective lieat transfer has a s])ecific heat of a])proximately 
0 . 2?4 lUu jier pound per °F. The same air flow that })rovides 
the lieat of vaporization also serves to dilute the evolved fuel 




(c ) 


(a) l^iiis of gasoline upwind of cowl inlet. 

(h) Pans of gasoline upwind of cowl outlet. 

{(•) Ignition of gasoline hy friction spark from steel propeller blade 
bearing on concrete paving. 

Figure 2‘L — Studies <d’ ignition Inizard from liciiiid gasoline spilled 
adjacent to nacelle. 


I vapors. Because of the large ratio of heat of vaporization of 
gasoline to the specific hetit of air, a reduction in tempera- 
ture of about ir>° F is required of the air moving over the 
fuel surface to transfer enough heat to the fuel to evolve 
the mass of vajior necessary to bring the resulting air-fuel 
I mix to the lower combustible limit. t)nly the air layer mov- 
I ing within a few inches of the fuel surface will undergo such 
a temperature droj) in the short transit distance over the 
fuel. The combustible concentrations of vapors will be 
within this air layer of small vertical extent. Air dilution 
by mixing with adjacent air flow reduces the vapor concen- 
ti’ation in this vaj)or-bearing layer shortly downwind of tlie 
])ool of gasoline. 

The short ignition hazai’d distance obtained in this work 
for licptid pools of gasoline exposed to unobstructed winds 
above miles per hour, which exist more than bo percent of 
the time in most of the United States, indicates a small like- 
lihood of ignition of vapors converted by the air from these 
pools to an ignition source. Even when the gasoline pools 
were arranged at the engine cowl lips and cowl flaps as shown 
in tigui*es 2:1 (a) and (b), i*espectively, wiiuM)orne vapors 
from the gasoline in coml)Ustible concentration did not ex- 
tend into the nacelle for a sufficient distance to be considered 
hazardous. 

When the gasoline is si)illed in tall grass and similar vege- 
tation, the gasoline-wetted leaf surfaces inci’ease the surface 
area from which fuel vaporization occurs. Ih’otection of 
the vapors from air dilution by mixing is also provided. 

! The ignition hazard distance, vertical and horizontal, is con- 
I siderably longer than that which results from gasoline spill- 
> age on bare ground or pavement. 

In zones around the crashed aiiqilane that are well pro- 
tected from the wind, vapor accumulation is possible. In 
the absence of significant heat transfer by forced convection 
j from the wind, heat flow by conduction through the ground 
I and the metal structure of the airplane and by radiation from 
the surroundings governs the fuel vajmrization rate. Because 
vapor accumulation is ])ossible, zones of combustible concen- 
ti*ations can develop with time, the magnitude of which is 
governed by air temperature, fuel volatility, the geometry 
of the airplane wreckage, and its orientation to the wind. 
Likewise, when spillage occurs on the ground in still air, the 
fuel va])ors form as a layer adjacent to the ground by virtue 
of the high density of fuel vajH)!* with i-espect to air. This 
fuel-va[)or layer Hows by gravity and may accjuire considei*- 
able horizontal extent compared with the dimensions of the 
liquid ])ool from which the vapors are generated, ignition 
of this va])or recpiires an ignition source placed close to the 
ground. Burning oil vapors or dro})lets dripping from the 
engine exhaust system, broken elements of the hot exhaust 
I system falling to the ground, or sparks generated by the 
abrasion of magnesium and steel airplane parts on stony 
ground or concrete paving may provide the ignition in this 
instance. Ignition of fuel by friction sparks on a paved 
concrete slide path specially consti ucted foi this study is 
shown in figure 2:i (c). A portion of a steel propeller blade 
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mounted on the fuselage to bear with pressures in excess of 
100 pounds per sipiare incli on tlie concrete paving provided 
the sparks tliat |)roduced the ignition of tlie gasoline at tlie 
fuselage-ground contact line (fig. 2^1 (c)). ^lost ignition 
sources in airplane crashes involving moderate structural 
damage will lie above this fuel- vapor layer, however. 

Internal fuel spillage. — In a crash, tlie fuel s])illed within 
the wings of airplanes of conventional configurations is 
exjDosed to ignition sources belonging pi-imarily to the elec- 
trical system. Typical components carried on, or within. 



r- Damaged landing light 



K-l 

n ) 

(e) dama.ue. 

(f) Holes left in laiuling-lijtht reflectors ])y filaments pulled into wing 

during crash. 

Figure 24. — Concluded. Ignition of fuel by landing lights. 


the wing requiring electrical wiring include wing-tip lights, 
landing lights, fuel pumps, and fuel-system solenoid valves. 
Ignition of fuel spilled in the wing by the electrical system 
was observed in one crash in which the ])oles at the crash 
barrier were set to smash the operating landing lights lo- 
cated in the leading edge of the wing and to drive them into 
the wing where the fuel tanks were also breached (fig. 24 
(a)). The landing light on the left wing was struck 
squarely by the ])ole at the barrier to damage the light in 
a manner equivalent to that shown in figure 24: (e). The 
pole struck close to the landing light on the right wing. 


When such close strikes are obtained, the landing-light mount 
is seriously distorted and the filaments are pulled into the 
wing by the heavy electric cable serving these lights. The 
holes made in the landing-light reflector by the withdrawing 
Hlaments are shown in figure 24 (f). The exposed hot lamp 
filament ignited the fuel spilled within the wing within 0.35 
second aftei* im])act with the ])ole barrier. The resulting 
fire as it first appeared issuing from the wing is shown in 
figure 24 (b). Because of the proximity of the ignition 
source to the fuel spillage, ignition occurred immediately 
on ex])osure of the fuel at an airplane speed of approximately 
92 miles ])er hoiu*. The flame in figure 24 (b) appeared on 
the outside of the wing before the airplane had moved its 
own length fi*om the barrier. A front view of the airplane 
(fig. 24 (c) ), taken at the same time, shows a similar fire on 
the left aii'plane wing ])roduced under the sanie circum- 
stances. Propagation of the fire into the fuel mist asso- 
ciated with the fuel s])illage from the moving air])lane ])ro- 
vided the high rate of fire development indicated in figure 
24 (d), which shows the airplane fire l.S seconds after igni- 
tion. The dame-holding action of the airplane elements, 
such as the damaged wings containing burning fuel, allows 
high airspeeds in the combustion zones without dame blow- 
out, as is consistent with jet-engine combustion experience 
where similar circumstances exist. 

When the fuel sj)illed within the wing forms a continuous 
wetted path to an outside ignitor, the resulting dre moves 
along the jiath to the fuel source. Channels for the disti’i- 
bution of the fuel within the wing may develop in the crash 
or be a })art of the normal airplane configuration. The hot- 
air duct, foi- example, lying along the leading edge of the 
wings foi‘ ])rotection against icing, may serve as a fuel dis- 
tribution channel directing fuel spilled in a crash to a com- 
bustion heater or exhaust-gas heat enchanger that normally 
provides the hot air for icing |)i*otection. An illustration 
of this mode of fuel conduction to an ignition source was 
])i*ovided in the crash depicted in figure 25. The ])assage 
of the pole at the crash barrier through the leading edge of 
the wing in dgure 25 (a) bent the skin toward the interior 
of the wing. Part of the fuel surging forward out of the 
wing rent was dedected into the leading-edge hot-air duct 
by tlie scoo2:is formed by the deformed wing skin, as indicated 
schematically in figure 25 (b). Because of the wing dihe- 
dral, the fuel flowed by gravity toward the heat exchanger 
located on the engine exhaust tail pipe slightly forward and 
below the wing, which supplies hot air for the icing-protec- 
tion system. The fuel dowed through the clearance between 
the duct Avail and the hot-air-doAv control dap in the nearly 
closed position and onto the heat exchanger. Ignition oc- 
curred at the heat exchanger, and the dame propagated back 
to the Aving to produce the Aving explosion shown in figure 
25 (c). 

The Aving also serves as a channel for conducting Aving- 
spilled fuel to adjacent airplane components. In the air- 
craft of the general configuration of the C-82, these adjacent 
components are usually the Avheel Avell and the engine nacelle. 
A photograph of the distribution of fuel throughout the 
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(a) Kiipture of wing produced by pole barriers. 

(b) Schematic diagram of hot-air anti-icing system showing path of 
liquid fuel Mowing from wing tanks to heat exchangers. 

Figure — Mechanism of ignition of rniuid fuel flowing through 
hot-air anti-icing duct. 

wlieel well of a crashed air])laiie is shown in iv^mv :2() (a). 
This red-dyed fuel, released directly from damaged wing- 
tanks, flowed to the wheel well through tlie internal wing 
structure. Ilecause the wheel Avell contains elements of the 
electrical system, ignition of fuel from this source is ])robahle 
when the fuel system is disrupted in a crash. Also of interest 
is the fuel that coursed down the landing-gear strut (hg. 20 
(b)). This fuel, in conjunction with overheated wheel 
brakes, poses the ])ossibility of tire initiation not observable 
in this crash study because brake a])plication was not 
employed. 

Wetting conduction. — In addition to the trough-flow of 
liquid fuel through internal channels of the airplane, fuel in 
rivulets and sheets does (low by gravity along the under side 
of airplane surfaces inclined to the horizontal. This type 
of How is called '^vetting conduction” to distingnisb it from 
the other forms of fuel flow. 

Wetting conduction of fuel occurs, for example, when 
some of the fuel s])illed within the Aving see])s through rivited 
seams of metal plates forming the skin and clings to the under 


side of the wing. AA Idle some of this fuel drips to the 
ground, an ap]n*eciable ])ortion wets and adheres to the 
under side of the wing and (lows by gravity. If the Aving 
slopes fi’om the point of fuel-tank sj)illage toAvard the air- 
plane nacelle because of the wiug dihedral or the attitude 
ini|)osed by the crash, an appreciable fuel floAV is directed 
toAvai'd the nacelle, Avhere many of the ignition sources are 
located. In Hgui*e 27 is shoAvn a typical Avetting-conduction 
trail marked l)y dye contai]\ed in the fuel carried by an air- 
plane that did not burn in crash. The continuous fuel-floAV 
path from the area around the breach in the Aving to the 
Avheel'Avell doors is eA-ident. The dye trail left by the fuel 
tloAving along the airplane skin directly aboA^e and behind 
the exhaust tail })ipe is obscured by the dark paint on this 
portion of the airplane. The likelihood of ignition of this 
fuel by an exhaust tlame is eAudent. Such ignition Avas not 
observed in the limited number of crashes conducted in this 
program, perhaps because every appearance of exhaust flames 
that occuiTed several seconds after crash involved ignition 
of the fuel mist. 

Spreading of the fuel by Avetting conduction proceeds at a 
relatively sIoav rate. In crashes in Avhich fuel mists do not 
appear but fuel tank rupture does occur by inertia loading 
of the fuel on the tank Avails during the crash deceleration, 
Avetting conduction may Avell represent the mechanism by 
Avhich the fuel reaches the ignition source at the nacelle. 
Under such cii*cumstances, the ignition that may occur Avill 
probably take place several seconds after the airplane comes 
to rest, the delay involved representing the time for the rela- 
tively sloAv movement of the fuel by AA-etting conduction. 
AVhile the airplane is in motion, likeAvise, the air flow around 
the Aving Avill im]X)se a chordwise motion on the fuel and 
direct it to the relatively safe zones at the Aving trailing edge 
if the airplane is moving nose foremost. AVhen the airplane 
comes to rest, a taihvind Avould promote the forAvard n\OA^e- 
ment of the fuel toward the nacelle. 

The same process of Avetting conduction takes place Avitliin 
the nacelle and the Avheel Avell by fuel lost from the ruptured 
fuel lines or other fuel-system components, or by fuel Hoav- 
ing through the airplane channels from spillage at remote 
locations. Fuel floAving by gravity into the nacelle, from a 
source of small size, can achieA^e a])preciable s])read by the 
combined process of AA^etting and dripping from one struc- 
tural or engine component to another. In this Avay, the 
likelihood of contact Avith an ignition soui’ce is enhanced. 
Suitable photograph.^ of this form of fuel spread in the 
nacelle are unavailable, but the process involved is evident 
from the spotty, yet Avidely distributed, fuel Avetting shoAvn 
in the Avheel Avell of a crashed airplane in figure 2G (a). 

AVhen Avetting conduction or fuel floAv through structural 
channels is res})onsible for ])rolonged contact betAveen an 
ignitor and the fuel in liquid form, so that appreciable quan- 
tities of va})ors are generated, the use of fuels of Ioav A'ola- 
tility Avould not materially reduce the likelihood of fire. 
Hut, when vaporization of the fuel across an air gap is re- 
(piired for the fuel to reach an ignitor, loAv-A^olatility fuels 
provide a real advantage. 
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(c) Explosion of wing following ignition of 
gasoline flowing through anti- icing duct; 

13 seconds after initial Lmpact; 0.6 sec- 
ond after ignition. 

Figure 25. - Concluded. Mechanism of ignition of liquid fuel flowing through hot-air 

anti- icing duct. 


Fuel trace 



(a) Wheel well. (h) Landing gear strut. 

Figure 26. - Distrihutlon of fuel throughout wheel well and on landing gear strut from 
wing-tank spilled fuel. (Fuel dyed red.) 



- Wetting conduction trail of fuel on under side of airplane wing. (Fuel dyed 

red. ) 


Figure 27. 
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(a) Fire 2.8 seconds after initial jbupact. 
Airplane speed, 42 feet per second. 







-- 




~ / ■ ■ 



(b) Fire 7.4 seconds after initial impact. 
Airplane speed, 0. 


(c) Fire 7.7 seconds after initial impact. 

Figure 29. - Extension of fire from nacelle to fuel spilled from wing tanks. 




(a) Ignition of induction system vapor-air 
mixture; 0.13 second after initial impact. 
Airplane speed, 115 feet per second. 


(b) Ignition of engine fuel from broken main 
fuel line in nacelle; 0.29 second after 
initial iii 5 )act. Airplane speed. 111 feet 
per second. 




(c) Ignition of fuel mist from fuel tanks 
spillage; 0.71 second after initial 
impact. Airplane speed, 102 feet per 
second. 


(d) Spread of fire in fuel mist; 1.2 sec 
onds after initial impact. Aia'plane 
speed, 89 feet per second. 


Figure 30. - Spread of fire resulting from ignition of vapor-air mixture in induction 

system. 
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Nacelle fuel spillage. — A^lieii liquid-fuel spillage occurs 
within the nacelle, there is a high probability of ignition by 
a large variety of ignition sources associated with the engine 
and the complex electrical installation in the engine acces- 
sory section. As an example of the ignition of fuel spilled 
as liquid within the nacelle, it is instructive to follow the 
sequence of events leading to the ignition of this fuel by the 
accessory-section electrical system in one crash as revealed 
by the crash instrumentation. The crash instrumentation 
indicated rupture of the engine fuel line in the accessory 
section upon crash impact with the fuel booster pump at the 
wing tanks operating at normal speed. Vapor detectors in- 
dicated combustible concentrations of fuel at the fuel-line 
bulkhead fitting on the nacelle fire wall 0.25 second after 
crash impact. Location of this and other vaj)or detectors 
and neighboring fire-detection thermocouples is indicated 
in figure 28 (a). At this time, 0.25 second after crash im- 
pact, combustible vapors did not appear at any other loca- 
tion in the nacelle. Crash instrumentation indicated an 
electric current surge in the generator-starter circuits start- 
ing 0.50 second after crash impact, which reached a peak 
value of 30 amperes at 1 second after crash. The first fire- 
detection thermocouples to register were located immediately 
above the electrical junction box located on the nacelle fire 
wall (fig. 28 (b)), which is part of the generator-starter 
system. Tliis junction box, therefore, is taken to be the lo- 
cation of a short-circuit arc that provided the fuel ignition. 
Successive indications of the fire detectors showed that the 
fire developed forward uniformly from the fire wall to the 
exhaust-collector ring, and that the exhaust system was not 
involved in the first fuel ignition (figs. 28 (c) and (d)). 
Extension of the fire from the nacelle to fuel spilling from' 
the tanks as the airplane slowed to rest is shown in the suc- 
cession of photographs in figure 29. 

FUEL- VAPOR SPILLAGE 

In a crash, spillage of fuel vapor premixed with air in 
combustible proportions may take place from the damaged 
engine induction system. Wlien supercharging is employed, 
release of the compressed fuel-air mixture is rapid. Because 
of the proximity of the hot exhaust-disposal system and the 
electrical equipment in the accessory section of the engine 
nacelle, ignition of this fuel-air mixture wdll most likely 
occur within a few seconds after the engine induction sys- 
tem is damaged. If concurrent damage to the nacelle per- 
mits a high ventilation rate through the engine accessorv 
section, ignition of the fuel-air mixture must occur imme- 


(a) Location of vapor and lire detectors in nacelle, and combustible 

vapor detected 0.25 second after initial impact. 

(b) Combustible vapor and fire detected in nacelle 1 second after 

initial impact. 

(c) Fire in nacelle 2 seconds after initial impact. 

(d) Fire in nacelle 3 seconds after initial impact. 

Figure 28. — Mechanism of ignition by electrical system in accessory 
section of airplane nacelle. 


REPORT 1133 XATIOXAL ADVISORY COMMITTEE FOR AEROXAUTICS 


2 () 

dintely after spillage if it is to take place at all, because the 
mixture uill be rapidly diluted with air below the com- 
bustible limit. Since the quantity of fuel contained within 
the engine induction system at any time is only enough to 
produce a fire eiiuivalent to a severe backfire, ignition of this 
fuel is of little consequence. If, however, other spillage of 
combustibles occurs previous to this ignition, then these com- 
bustibles may be iidlamed l)y the Hash lire of the engine 
induction-system fuel. 

In the ci’ash in which this mechanism of fuel ignition was 
observed, the airplane involved was equipped with steel- ' 
bladed ])ropellers. Impact of the propeller with the abut- 
ment of the ci’ash barriei* produced a rotational displacement 
of the engine sullicient to rij) open the engine induction sys- 
tem and the cylindei* exhaust-stack connection to the exhaust- 
collector 1 ‘ing. The vapor-air mixture released from the en- 
gine induction system was ignited by plumes of exhaust ihime 
issuing from the open exhaust stack before the wing fuel 
taidvs were breached by the barrier poles (lig. oO (a)). At 
the same time, the crash instrumentation indicated a parting 
of the engine fuel line in the nacelle produced by the engine 
deflection. Fuel poured from this line Avith the fuel booster 
pump at the tanks operating at noi nial speed. The tire of 
the engine induction-system fuel-air mixture ignited the 
fuel spillage from the broken engine fuel line to ])roduce the 
tire shoAvn 0.29 second after crash impact (fig. 80 (b) ) . The 
air lloAV around the engine spread the flames into the nacelle 
Avake. The fuel mist issuing from the Aving-tank rupture 
im[)osed by the poles at the crash barrier Avas ignited behind 
the Aving, Avhere the spreading fuel mist intercepted the 
flame extending reaiuvard from the nacelle, as shoAvn in | 
figure 30 (c). At this time the fire had not propagated to 
the fuel mist under the Aving. The resulting Aving fire 1.2 
seconds after impact is shoAvn in figure 30 (d) . 

The engine induction-system fuel can be ignited from 
Avithin the engine by the ordinary backfire mechanism. If 
the engine induction system is ruptured before the backfire 
occurs, the resulting flash may appear Avithin the nacelle 
coAvl and play the same role in setting the crash fire as the 
induction-system fuel played in the fire just described. 
IVhile no airplane fires occurred by this backfire ignition of 
the induction-system fuel in the crashes conducted so far, 
the distinct possibility of setting fires in this Avay is shown 
by the under-coAvl induction-system fire shoAvn in figure 33. 
The disarranged engine coavI in its dist)lacenient from its | 
normal position severed the engine coAvl-inlet connection to 
the carburetor and provided an otiening through Avhich the 
engine induction-system fire appeared Avithin the nacelle, 
3.5 seconds after crash. In this instance, the fuel immlved 
Avas the loAv-volatility (8 mm Hg Reid vapor pressure) fuel. 
The circumstance just described occurred in the crash dis- 
cussed previously in conjunction Avith figure 19. 

The engine induction-SA^stem fuel-air mixture that is spilled 
Avhen the conq)lete engine assembly is torn free of the nacelle | 
in the crash Avas never observed to ignite in the three instances 
in Avhich this spillage occurred in the full-scale crashes. 


Two of these engines employed loAV-volatility fuel (8 mm 
Hg Reid vapor pressure) and one used gasoline. The brief 
contact betAveen the released fuel-air mixture and the hot 
exhaust-system metal (permitted by the tumbling engine and 
the ra])id fuel dilution rate Avith the surrounding air) is prob- 
ably responsible for this result. 

CRASH-FIRE EXPERIMENTS WITH MODIFIED AIRCRAFT 

After the same ignition sources Avere obsein^ed repeatedly" 
in the crashes conducted Avith the crash arrangements ac- 
cepted as standard for the first phase of the full-scale crash 
study, modifications in ])rocedure Avere employed in an effort 
to discover other ignition sources and to observe hoAV they 
initiate fii’e. These modifications involved alterations to 
the airplane and the crash barrier. The quantity of fuel 
cai’ried by the airplane remained unclianged at 1050 gallons. 
AA'iation-grade gasoline Avas used throughout this phase of 
the program. 

IGNITION-SOURCE INERTING 

Since the fires observed in the first phase of the full-scale 
crash-fire program Avere set by ignition sources that func- 
tioned shoi'tly after crash impact, it a[>peared probable that 
these early fires Avere masking other fire-setting mechanisms 
that Avould appear later in the crash. In an effort to pre- 
vent these early fires, therefore, the nacelle installation shoAvn 
schematically in figure 31 Avas employed to reduce the like- 
lihood of fire by ignition sources iTvealed in j)revious air- 
plane crashes. 

The ignition-suppression installation consisted of four 
main components all actuated as soon as ])ossible after crash 
ini])act. In order to prevent the generation of flames issu- 
ing from the engine inlet, tail pipe, and other elements of a 
crash-disrupted exhaust-disposal system, a solenoid-operated 
fuel shut-ofl' valve Avas placed betAveen the carburetor and 
the fuel injector on the supercharger impellei*. In addition, 
a second element consisting of a 3-pound charge of fire- 
extinguishing agent Avas arranged to discharge into the 



Ficuia: 31.-— Sdieinatic cliap:rain of i.unitinn-soiirco inerting system. 
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supercharger-impeller case with sufficient velocity to provide 
reasonably uniform mixing with the engine induction- 
system fuel. A ^-pound-})er-second discharge rate was em- 
ployed, giving a total discharge time of 6 seconds. This fire- 
extinguishing agent served to inert the engine induction- 
system fuel flowing through the engine that is present before 
the fuel shut-off valve closes completely. It was desirable to 
inject the extinguishing agent at the impeller housing rather 
than at the carburetor, in order to reduce the time required 
to transport the extinguishing agent from the injection sta- 
tion to the engine cylinders. Experience with injection of 
the extinguishing agent into the air flowing through the car- 
bui'etor showed that the transport time involved was great 
enough for undesirable exhaust flajues to appear momen- 
tarily at the exhaust tail pipe when the engine rotational 
speed Avas reduced abruptly by pi'opeller impact at the 
bai'rier. 

Electric ignitiojn sources were avoided by cut-olf switches 
on the battery and generator circuits. The engine ignition 
was allowed to remain operative on the thesis that, should 
combustible mixtures of fuel and air be ingested by the en- 
gine because of faulty operation of the fuel shut-off or fire- 
extinguishing-ageiit system, then normal combustion could 
take place in the cylinder. OtherAvise, the fuel may pass 
ijito the exhaust system, tliere to ignite and produce an ex- 
haust flame. Because the landing lights remain hot enough 
to ignite gasoline for at least 0.75 to 1.5 seconds after the elec- 


tric current is turned off, interru})tion of the electric current 
by the cut-oil' SAvitches did not represent a satisfactory control 
of this ignition source. For this reason, the crashes under 
this phase of the program Avere conducted Avith the landing 
lights inoperative. 

Tlie fourth element of the ignition-suppression installa- 
tion Avas a system of Avater sprays distributed to give a simul- 
taneous uniform coverage of the hot metal of the exhaust- 
disposal system and the associated tail-pijie heat exchanger. 
The Avater spray served the tAvofold purpose of rapidly cool- 
ing the hot metal to safe temperatures and i)i*oviding, meaii- 
Avhile, a protectiAT blanket of steam generated on the hot 
surfaces that inerts the adjacent atmosphere. Water Avas 
the fluid selected for this ])urpose because of its high heat 
of va[)orization and Ioav molecular Aveight. KelatiA^ely small 
Aveights of Avater provided effective cooling and generated 
large Amlumes of inerting steam in the liigh-temperature 
zones adjacent to the hot metal. A consideration of the heat 
ca[)acity of the hot metal of the exhaust-disposal system and 
the heat exchanger and the temperature drop of 250° F re- 
quired to reduce the metal temperature from the maximum 
temperature of 1200° E at the moment of crash to the lowest 
exhaust-system surface temperature at Avhich gasoline Avill 
readily ignite (950° F) yields a Avater requirement per 
nacelle of approximately 14 gallon for the C~82 airplane. 
In order to provide a safety factor, 4 to 6 gallons of Avater 
Avere employed for each nacelle. 
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111 view of the 760° F minimiiin ignition temperature of 
lubricating oil measured on the hot exhaust-collector ring 
in these studies, some additional consideration of the tem- 
perature to which the collector-ring metal is to be cooled is in 
order. A review of the sequence of events in a crash with 
the airplane equipped with water sprays leads to the follow- 
ing assessment of the cooling specification: Immediately 
following crash impact and in the subsequent motion of the 
airplane's slide to rest, contact between lubricating oil and 
any part of the hot exhaust-collector ring is quite likely. 
During this time, water sprays are in operation, a portion of 
the oil that may be in contact with the exhaust system evapo- 
rates along with the water, and the remainder drips from 
the exhaust system with some of the water. When the air- 
plane comes to rest with engines and oil pumping stopped, 
further contact between the exhaust system and oil occurs 
with the oil flowing by gravity. Under gravity flow the con- 
tact that does occur will most likely be confined to the lower 
octant of the exhaust-disposal system. Water sprayed on 
the exhaust system also drains by gravity to the lower por- 
tions of the exhaust-system elements and provides greater 
cooling in these zones. In general, all elements of the ex- 
haust system considered individually experience greater 
cooling on the lower portions for this reason. If the water 
sprays are maintained for about 10 seconds after the airplane 
comes to rest, those surfaces likely to be wetted by lubricating 
oil flowing by gravity are cooled to safe temperatures. The 
quantity of water carried in this system was more than ade- 
quate to meet the modest added water requirements for the 
lower portions of the exhaust system. In the installation 
employed here, the water-spray nozzles were sized to give 
a total spray time of 20 to 30 seconds or a How for 15 sec- 
onds or more after the airplane comes to rest. On the basis 
of observations made in this study, departures from the mode 
of oil contact with the exhaust system desci'ibed are con- 
sidered to have a low probability of occurrence unless a 
large degree of distortion and displacement of the exhaust 
system occurs in the crash. 

The essential elements of the water-spray system are shown 
schematicall}" in figure 32 (a). The water, contained under 
nitrogen pressure of ajiproximately 400 pounds per square 
inch, was distributed to all hot metal elements of the engine 
exhaust system through the %-inch-diameter manifold 
shown in figure 32 (b). The spray nozzles and branch lines 
terminating in spray nozzles are required to provide uni- 
form water coverage of the hot metal parts. In order to 
provide rapid cooling of the hot metal, water was also sprayed 
into the interior of the exhaust system at six equally spaced 
locations, one of which is visible in figure 32 (b) at the junc- 
tion of the tail pipe with the collector ring. The equivalent 
water-spray installations for the exhaust-gas heat exchanger 
are shown in figure 32 (c). The necessity for providing a 
protective blaidvet of steam around the external surfaces of 
the hot metah where contact with combustibles may occur, 
while it cools to safe temperatures, fixes the external appli- 



(b) Water-spray system for exbaust-eoUeetor rinu. 

(c) Water sprays for exhaust heat exehaiij,mr. 

Fic.uhe 32. — (Joneluded. Water-spray system of ii,niitioii-soiiree inert- 
ing system. 

cation of water as the ])i imary recjuirement for this method 
of inerting. This external application is wasteful, however, 
because of the nin-ofi of water in liquid form. By a proper 
split between internal and external utilization of water, 
some economy was obtained. Inteiaial a])plication provides 
the added advantage that the water is totally contained 
within the exhaust system regardless of twisting and dis- 
l^lacement. Because water application had to begin as soon 
as possible after crash impact, while the airspeed through the 
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(a) Engine cowl disruption at barrier; 1.0 
second after initial impact. Airplane 
speed, 130 feet per second. 



(b) Induction- system fuel ignition 3.5 
seconds after initial Impact. Air- 
plane speed, 50 feet per second. 


Figure 33. - Delayed ignition of induct ion- system fuel. 



(a) Oil fire before water sprays turned on. (b) 1.0 second after water sprays turned on 

oil fire. 


Figure 34. - Tests of water sprays of ignition- source inerting system. 
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(a) Deformation of right engine nacelle 2.2 
seconds after initial impact. Airplane 
speed, 60 feet per second. 



(d) First indication of fire on right nacelle 
3.8 seconds after initial impact. Airplane 
speed, 15 feet per second. 

Figure 38. - Mechanism of ignition by 


(e) Fire development 4.1 seconds after ini- 
tial impact; 0.3 second after ignition. 
Airplane speed, 11 feet per second. 

hot metal of exhaust collector ring. 



(a) Bromochloromethane burning on outside (b) Bromochloromethane burning on inside 

of heated stack. of heated stack. 


Figure 39. - Bromochloromethane burning after ignition by section of exhaust stacl- 

heated to 1500° F. 
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nacelle is high, the spray nozzles were placed close to the 
hot metal to minimize water loss by air entrainment. The 
reduced surface coverage per nozzle occasioned by this prox- 
imity of the nozzles to the hot surfaces was compensated 
somewhat by arranging for the water to strike the surface 
near glancing incidence so that it may fan out along the sur- 
face. The water flow rate was adjusted to correspond 
roughly to the rate at which the Avater is evaporated ini- 
tially. Faster water how rates increase tlie ^vater waste by 
liquid run-otf. 

Before any of the aircraft were committed to this jDart of 
the program, the elements constituting the complete inerting 
system were checked for their functional effectiveness and 
for the time following crash impact that they can be expected 
to operate. Fuel and electrical shut-off systems required 
development to improve reliability and actuation speed. 
Extinguishing-agent injection systems were engineered for 
uniformity of distribution within tlie engine inlet manifold. 
The effectiveness of the Avater-spray system was evaluated 
in an operating engine nacelle by spra 3 ung oil on the in- 
candescent exhaust-collector ring and, with the oil continu- 
ing to flow, observing the action of the water spray in 
quenching the resulting tire. The appearance of the oil fire 
before the water spray was turned on is shown in figure 
(a). One second after the water spray was applied, the 
fire was extinguished as shown in figure 34 (b). Because 
the water spray was effective in putting out an existing fire, 
it was considered safe to assume that it would prevent igni- 
tion in the first ^ihice. AVith a water-spray system that j^i'o- 
vided effective coverage of the hot metal, ignition of gaso- 


1400 


1200 


1000 


.800 


|eoo 


400 


200 


0 12 3 4 5 

Time, min 

Figure 35. — Temperature-time history of hottest portions of exhaust 
system during crash test. Heat exchanger and exhaust-collector 
ring water-cooled and inerted. 
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line or oil did not occur when they were applied after the 
water-spray system was in o 2 ieration. 

Tests with gasoline sjirayed directly onto the exhaust heat 
exchanger showed that the water sj)ray did give jwotection 
against ignition when 2)ro23er water distribution was i)rovided 
with the nozzle arrangement shown in figure 32 (c). As 
additional insurance, however, against ignition of fuel by 
conduction through the icing- 2 :>rotection system hot-air duct 
to the exhaust-gas heat exchanger, a blind flange was in- 
serted into the duct. 

AVhen the water spray was employed, the hottest areas of 
the exhaust-collector ring cooled in 12 seconds from an ini- 
tial temperature of 1250° to 760° F, the lowest temj^erature 
at which lubricating oil ignites on the external surfaces of 
the exhaust system (fig. 35). The exhaust-gas heat ex- 
changer cooled to temperatures safe for gasoline in 30 sec- 
onds. Contact between the hot areas of the heat exchanger 
and the lubricating oil is highly unlikely, and ra 2 :>id cooling 
below 950° F is not required. The relatively stagnant at- 
mosjihere of steam wdthin the heat exchanger continues to 
2 >rotect this zone until the heat exchanger cools by radiation 
and conduction to other portions of the aiiq:)lane structure. 

I 21 the crash, the inerting system was actuated by a switch 
carried on the guide-rail slipi^er fastened to the nose-wheel 
strut, a photograph of which is shown in figure 36. A ply- 
wood target (fig. 37) was jdaced across the rail at the crash 
barrier to 02 )erate the switch after the 2 )roi)ellers struck the 
barrier abutments. To jirovide a margin of safety against 
switch failure, a second switch connected in jiarallel was 
carried on the side of the aiiqilane. The second j)ly^vood 
target shown on the angle iron siqiport in figure 37 served 
this auxiliary switch. 

The time delay between o23eration of the inerting-system 
actuating switch and the inerting component was 0.06 sec- 
ond for the extinguishing-agent discharge, 0.34 second for 
the fuel shut-off valve, 0.10 second for the electrical-system 
cut-off switch, and 0.19 second for full water-spray flow 



Figure 36. — Inerting-system switch. 
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FiuUhk — liuM'tiiijji:-systoni-.s\vitch target. 


rate. These time delays are listed in table II. A compari- 
son can be made between these time delays and the earliest 
times following* ci*ash that tires were obtained with the vari- 
ous classes of ignition sources the inerting-system compo- 
nents were designed to cover (table II). This comparison 
shows that in every case except one, the inerting-system 
com|)onents came into oj)eration before tlie corresponding 
ignition .sources were observed to produce fire. The excep- 
tion was tlie full closing of the fuel shut-otf valve in 0.34 
second with ignition of the contents of the engine induction 
system occurring within 0.1 second after crash impact. The 
fire-extinguishing agent attained full How discharge in 0.06 
second, however, and thus [)rovided protection until the 
fuel valve closed. 

In the lirst crash conducted with airi)lanes equi})ped with 
the inerting system and the standard crash barrier, fire oc- 
curred on both sides of the airplane. The circumstances 
under which these fires took place merit considei'ation in 
some detail. In this crash, the water-si)ray distribution 
manifold was supported from convenient mounts available 
on the engine. In the C-82 airplane employed in this jhiase 
of the study, the exhaust-collector ring is supported from the 
fire wall. I'pon iiu])act at the crash barrier, the right en- 
gine separated from its up])er mount and dropped to the 
attitude shown in figure 38 (a) . As a result, the water- spray 
manifold was carried away from the exhaust-collector rinir 
affixed to the fire wall. The crash instrumentation showed 
that the fuel shut-olV valve and electrical-system switch 
of the inerting system functioned proj)erly. The fire- 
extinguishing-agent bottle was sti’ipped from the engine 
with the carburetor assembly to which it was mounted. 

Three-cpiarters of a second after crash impact, the instru- 
mentation showed the situation existing in the nacelle illus- 
trated diagrammatically in figure 38 (b), which depicts the 
pertinent nacelle accessory-section layout and location of 
the fire and va])or detectors. At this time, the oidy 
combustible mixture indicated was located close to the dam- 
aged fuel strainer fastened to the face of the fire wall at 


the base of the nacelle. A})i)arently most of the fuel lost 
from the strainer ran down and out of the nacelle and left 
only a local zone of combustible mixture. The tire-detection 
thermocouples mounted close to the exhaust-collector ring 
wei'e normally wai’ined by i*adiations from the collector ring. 
These thei’inocouples indicated a marked drop in the tem- 
perature of the exhaust-collector ring from the 10 to 12 
o'clock ])ositions, signifying that by chance some of the 
water s])ray was directed at this section of the ring and 
])rovided local protection. 

At 2.2 seconds after impact, the instrumentation indicated 
no change in the situation within the nacelle. A photograph 




(1>) Srh(‘inatic* dingrani of iiacelh* showing location of coml)ustible 
vapor and coolant in nacelle O.To second after initial impact. 

(c) Schematic diagnim of nacelle* showing tire indicat(*d hy detectors 
in nacelle 4.2 seconds after initial impact. 

Fnii uK .‘>s. — M(‘chanism of ignition hy hot metal ot exhaust-collector 

ring. 
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of tJie aii])]ane at tliis time (iig. 38 (a) ) moving at approxi- 
mately ()0 feet ])er second shows the marked forward develop- 
ment of tlie fuel Jiiist close to the ground and the ATrtical 
inclination of the engine and cowl. Some of the water ■ 
sprayijig uselessly from the damaged water majiifold can be | 
seen projecting vertically from the nacelle. At 3.S seconds | 
after crash, the first evidence of fire appeared between the 
12 and 1 o'clock positions on the exhaust-collector ring. The 
initial flame that appeared at this position did not show in 
the printed figure. In figure 38 (d) is shown the flame after 
it propagated to the 11 o'clock position. 

At 1. 2 seconds, fire-detector therinocout)les first registered 
over the broad zone indicated in figure 38 (c). Failure of 
the fire-detection thermocouple to register at the 1 o’clock 
position on the exhaust-collector ring where the fire first 
appeared before 4.2 seconds is attributed to wetting by the 


Avater siu’a}’. Instrumentation that recorded the [ictuation 
times of the inei'ting-system components showed that they 
functioned proj)erly. Thei’efore, tlie unprotected exhaust- 
collector i‘ing is the most probable ignition source, as is 
consistent with the visual evidence. Migration of the fuel 
mist to the inboard side of the nacelle was required in order 
for ignition to occur, because the top of the outboard seg- 
ment of the exhaust-collector ring was under water-spray 
protection. That the fuel mist did extend to the inboard 
side of the nacelle is evidenced by the flame showing around 
tlie nacelle on the inboard side in the photogra})h of figure 
38 (e), taken immediately after ignition. 

On the left side of this airplane, the engine remained in 
place but fire Avas ignited by exhaust tlanies that Avere de- 
scribed under the section on the mechanism of fuel-mist 
development shoAvn in figure 12. The exhaust flames that 
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wei’e observed wei’e provided by tlie burning of the fire- 
extinguisliing agent ein|)loyed in the engine induction sys- 
tem. The agent in tliis case was bromochlorometliane 
(Cn._.lh (1 ) , known as CH. This material decom|)Oses ther- 
mally at the tein|)eratures of the engine exhaust-system 
metal, and some of the decomposition fragments released 
will burn in air. Photographs of this agent burning on the 
surface of a heated section of exhaust stack are shown in 
figure 3D. In normal application during fire extinguish- 
ment, enough CH is employed to t)rovide an inerting at- 
mosphere around the decomposition products, and their ig- 
nition does not occur. In a crash, unfortunately, there can 
be no conti-ol of the (|uantity of extinguishing agent j)assing 
through the engine, because the displacement of the pistons 
meters the ext inguishing agent thi’oughput accoi’ding to the 
engine rotational speed and the cui'rent throttle setting of 
the damaged engine, neither of which can be specified in a 
crash. Although high concentrations of CH were provided 
at the engine inlet of the ci'ashed airplane, the quantity 
passed through the engine was small enough to allow a suffi- 
cient ]*esidence time for the CH in the high-temperature 
environment of the exhaust-disposal system to decompose 
thermally. U})on contact with the air at the tail-pipe exit, 
the (leconq)osition products ignited to pi’ovide the series of 
exhaust flames shown in figure T2. 


Ilalocarbons involving bromine and fluorine, in which com- 
plete substitution of hydrogen is obtained, would represent 
satisfactory fire-extinguishing agents for engine inlet inert- 
ing, because their decomposition products do not burn at 
engine metal temperature. Conqiounds in this class include 
ti'ifluorobromomethane CHrlC and difluorodibromomethane 
CHroF 2 , which have recently become available in restricted 
(juantities. 

After the first crash in this series, the water-spray system 
was mounted to remain with the exhaust-disposal system 
should the engine be displaced, and carbon dioxide was em- 
ployed at the engine inlet because it does not decompose 
appreciably at engine exhaust temperatures. In the next six 
crashes, one ignition occurred by the movement of fuel 
through the hot-air duct to the exhaust-gas heat exchanger, 
as was described in the discussion of licpiid-fuel spillage. 
This result called attention to the need for more careful 
distribution of the water spray in the heat exchanger and 
to the desirability of a safety gate in the hot-air duct. After 
coming to rest, the other five unburned crashed airplanes 
carrying the inerting system appeared as shown in figure 
40. The only visible evidence of the presence of 
the inerting system was the volume of water vapor issuing 
from the nacelle. On humid days, the condensed water 
vapor })ersisted in the atmosphere long enough to have the 
ap])earance shown in some of the photographs. 



Figuke 42. — Crash area for liigh-contact-angle crash. 
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(a) 0.3 second after initial impact. 


(b) 1 second after initial impact. 





(c) 1.7 seconds after initial impact. 


( d) 2.3 seconds after initial impact. 



(e) 3.0 seconds after initial impact. 


(f) 3.7 seconds after initial impact. 



( g) 4.7 seconds after initial impact. 


Figure 41. - Ground-loop crash. (Fuel dyed red.) 
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Figure 43. - Damage to forestructure of airplane produced by impact with ground 0.72 sec- 
ond after in 5 )act with barrier in high- contact -angle crash. Aiirlane speed, 100 feet 
per second. 



(a) Wheel strut in air before ignition 1.2 
seconds after initial impact. Airplane 
speed, 75 feet per second. 


(b) Ignition of fuel mist 2.4 seconds after 
initial impact. Airplane speed, 24 feet 
per second. 



(c) Spread of fire 2.9 seconds after initial ( d) Spread of fire 3.9 seconds after initial 
impact. Airplane speed, 15 feet per impact. Airplane speed, 0. 

second. 


Figure 44. - Ignition of fuel mist by electrostatic charge on landing gear in high-contact- 

angle crash. (Fuel dyed red.) 
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GROUND LOOP 

After five craslies in which no fires were obtained and no 
new ignition sources were observed, modifications to the 
crash barrier were employed in an effort to reveal new mech- 
anisms of crasli-fire initiation. In one crash, a ground loop 
was imposed on the crashed airplane by allowing the right 
wlieel and left wing to i>ass through the crash barrier with- 
out damage. (Tlie abntiiient on tlie right side of the air- 
plane and tlie poles on the left side were removed.) The 
airplane, with known ignition sources inerted as before, 
ground-loojied as desiivd, taking on the successive attitiuhes 
shown in figure 41. In executing the ground loop, the air- 
j^lane exposed the long axis of the nacelle and fuselage to 
the fuel mist generated at the leading edge of the right wing 
and increased the interception of the fuel by these airplane 
members over that obtained when ground looping does not 
occur. Displacement of the fuel mist toward the nacelle on 
the right is promoted by the large spanwise component of 
the relative wind in the direction of the nacelle acconi])any- 
ing the yawed attitude of the airplane in the ground-loop 
maneuver. Xo new ignition sources were revealed, however, 
and fire did not occur. 

HIGH-CONTACT-ANGLE CRASH 

In order to determine whether or not ignition sources are 
created by the mechanical rending of the aircraft structure 
in a severe impact, another crash was conducted in which 
a 16° contact angle between the airplane and the ground 
occurred. The ground beyond the crash barrier, on which 
the airplane comes to rest, was sloped and hollowed to give 
the desired angle of contact. A photogi-aph of the crash area 
aiTanged for this crash is shown in figure 42. The crash 
barrier was maintained in its standard configuration with 
two abutments and ])oles for the wing tanks on both sides of 
the airplane. The known ignition sources were inerted in 
the usual manner. The marked damage to the forestructure 
of the airj)lane u[)on impact with the ground is evident in 
figure 43, taken 0.72 second after impact with the barrier. 
P^xtensive coverage of the airplane with fuel occurred as 
in figure 16, which shows photograi)hs of the fuel-mist de- 
velojnijent experieiiced iu this ci’ash. iWause of the 
time lag associated with the movement of fuel out of the 
tanks, the time of the maximum forward surge of the fuel 
follows the period of ]>eak airj)lane deceleration by i.l 
seconds. 

The fact that no ignition of the fuel occurred around the 
deforming structure indicates the absence of ignition souxxes 
of sufficient duration to ignite the fuel in this instance. 
Ignition sources covered by the inerting system were in- 
active in spite of the severe nacelle damage sustained. As 
the airplane slowed to rest, however, the left wheel strut 
tumbling through the air behind the airplane (fig. 44 (a)) 
ignited the fuel in the airplane’s wake when the strut ap- 
proached the ground approximately (>0 feet behind the left 
wing (fig. 44 (b)). The fire moved through the fuel mist 
and liquid fuel on the ground (fig. 44 (c)) toward the air- 
])lane, where ignition of the fuel in the wings exploded 


both wings (fig. 44 (d)). The flame-propagation rate 
through the fuel mist around the airplane was determined 
as 75 feet per second with a 30-foot-per-second tail wind, or 
a net s|)eed of 45 feet per second (fig. 45). This high rate 
of flame propagation includes the velocity imposed on the 
flame front by the ex])anding burning mass of fuel and air. 
The large column of fuel mist suspended in the air is evident 
from the volume of fire shown in figure 44 (d). 

From inspection of the terrain in the crash area and in- 
spection of the wheel-strut assembly, it was concluded that 
the ignition source was neither friction sparks nor compres- 
sion ignition of the hydraulic fluid in the wheel strut. How- 
ever, investigation of the electrostatic charge collected on the 
wheel-strut assembly by friction with the dust and the fuel 
mist in tJie airplane wake showed that the ignition in this 



Figure 45. — Contour of fire propajiation through fuel mist after igni- 
tion in liigh-contact-angle crash. 


case was inost likely produced by electrostatic discharge 
from the strut to the ground. Studies were made with the 
same wheel and strut, electrically insulated from the sup- 
[)orts, as shown in figure 46. Air was blown over the wheel 
and strut assembly by the blower shown in the figure, and 
dust was metered into the air stream. A dust flow rate of 
400 grams per second with an airspeed of 45 miles ])er hour 
past the strut generated 3900 volts, sufficient to produce 
sparks capable of fuel ignition in less than 0.75 second (fig. 
47) . In the crash, the wheel and strut traveled through the 
air at 43 miles per hour for 1 second, bounced on the rubber 
tire, and then traveled through the air for another 1-second 
period at approximately the same speed. 

In summary, of all the ignition sources observed during 
this investigation, 41 percent would have been eliminated 
by induction-system inerting and fuel shut-off; 41 percent 
by inerting and cooling of the hot exhaust-system metal; 
and 14 percent by de-eiiergizing the electrical system. How- 
ever, if only part of the inerting-system components were 
used, these percentages would change materially, because 
the combustible would move to the next available ignition 


Potential, volts 


I 

I 


38 


REPORT 1133 — XATIOXAL ADVISORY COMMITTEE FOR AEROXAUTICS 



Fuel spray tank 


Airstream carrying dust 


20- kv voltmeter 


“Wheel ond strut' 


Fkjure 4(). Test setiii) to (leteriniiie rate of acciinmlation (»f electrostatic charge on a laii(linj,^-gear strut. 



source. This fact is demonstrated in the case of the crash 
illustrated in H^iire 38. In this case, the electrical system 
was de-energized, the induction system was inerted, and the 
fuel to the engine was shut otf. However, the exhaust cool- 
ing system pulled away from the exhaust system and did 
not function. Under these circumstances, the fuel mist 
spread until it contacted the hot exhaust system and ignited. 
Thus, caution must be used in evaluating the efiectiveness 
of the inerting system when only portions of the system are 
used. Undoubtedly, in some crash circumstances benetits 
could be derived by the use of only pails of the inerting 
system. 

FIRE DEVELOPMENT 

The progress of the fire following ignition of the fuel has 
some aspects that are common to all crash fires and others 
(hat de])end on the distribution of the fuel spillage preced- 
ing ignition, the wind magnitude and direction, the slope 
of the ground oii which the airplane comes to rest, and the 
location of the opening in the fuel system from which the 
fuel issues. A complete descrii)tion of the progress of crash 
fire as it is influenced by all of these factors and the con- 


FiGUKE 47— Voltage produced on insulated landing gear by blowing 
clay dust at 45 uipb. Leakage resistance, 0.5X10'^ ohms; capaci- 
tance, 200 X 10-^2 farad. 
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Figure 50. - Burning fuel pouring from rupture in wing fuel tank. 



Figure 51. - Explosion oi wing due to igni- 
tion of fuel vapors in wing and wing tanks. 


Figure 52, - Build-up of fire resulting from 
wing explosion. Photograph taken 0.7 sec- 
ond after photograph of figure 51. 



Inside 

Outside 


Figure 53. - Schematic diagram of fire burning inside wing and nacelle as compared with 

fire outside airplane. 



(a) 0.9 second after ignition. (b) 4.0 seconds after ignition. 

Figure 54. - Flame movement through fuel on ground behind airplane. 
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(a) Fuel mist fire at its maximum; 3.0 sec- 
onds after ignition. 



(c) Fire from fuel evaporating from wetted 
surface of airplane and ground; 10.0 sec- 
onds after ignition. 



Cb) Fuel mist fire with rising column of 
smoke and burning core of fuel mist; 
5.3 seconds after ignition. 



(d) Fire produced by fuel that soaked into 
ground vaporizing and burning in column 
continuous with burning fuel from tanks; 
19.0 seconds after ignition. 


Figure 55. - Rapid burning of fuel mist. 


Figure 56. - Magnesium, portions of engine 
burning during crash. 



Figure 57. - Flames from burning fuel in 
wing tanks licking sides of fuselage. 




(a) Fire before explosion. (^) Build-up of fire due to spread of flam- 

ing hydraulic fluid. 


Figure 58. - Fire produced by exploding hydraulic -landing-gear strut. 
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iigimition tlie airj)hiiie assumes in the crash cannot be at- 
teinj)ted liere. A discussion of some of the main events ob- 
served to occur in the crash Hres studied will be ^iven, 
however, in which some of the factors intluencino* the de- 
velopment of the tire are considered. 

In a ci'asli, the fuel system may be broken open by impact 
of the airi)lane with obstacles such as trees, posts, boulders, 
and so forth, that ri}) holes in tanks; by hydraulic forces gen- 
erated by the sui’^in^ fuel contained in the tanks of the de- 
celerating air})lane; by flying debris released in the crash, 
particularly propeller blades, that may cut fuel lines (fig. 48) 
and strainers, or ])ierce fuel tanks (fig. 49) ; and by the rela- 
tive displacement of aiiplane components as, for example, 
the parting of an engine from its mounts and consequent 
snai)ping of the carhuretor fuel line. Fuel lines, likewise, 
may be burned through by oil, hydraulic fluid, or alcohol 
fires. Since there is usually a continuous path of fuel in 
licpiid, mist, or vat)or form from the point of spillage to an 



Figuke 40. — WIiij? fuel tank ruptured by flying propeller tip. 


ignition source, the fire moves from the ignition source back 
to the fuel-system rupture from which the fuel issues. This 
step in the proj)agation of fuel fire is common to all crashes. 
The fire burns at the opening from which the fuel issues and 
ignites the fuel as it leaves. The column of lire shown in 
figure oO, for example, is ignited fuel pouring from the wing. 
The fire at the fuel-system leak enlarges the opening and 
tends, thereby, to increase the fuel efflux rate. 

When wing fuel tanks are ruptured, combustible concen- 
trations of fuel vaj)or often accumulate in the voids around 
the tanks. Under these circumstances, a wing explosion oc- 
curs when the fire reaches the wing. A picture of such a 
wing explosion is shown in figure 51. The wing skin is 
genei'ally stripped otl' to the wing tips as shown in the figure. 
A marked acceleration in the develo})ment of the fire accom- 
panies such explosions because of the l)road distribution of 
the wing-tank fuel that results. A typical example of such 
accelerated fire development followed the wing explosion of 
figure 51. In 0.7 second following the exi)losion, the fire 
appeared as sliown in figure 52. 

Fire often burns within the wing without explosion. In 
this case, the burning rate is governed b}' the air flowing into 
the wing. Ifecause of the limitation of available air, the 
internal wing fire is often of modest proportions and tends 
to locate near the vents through which the air enters, d'he 
extent of one internal wing fire, determined by a grid of 
thei-mocouples located in the Aving, is shown in figui*e 54 as 
the solid area. The limited size of the fire is in contrast to 
the extent of the fire around the wing shown as the cross- 
hatched area of the same figure. 

In the first few seconds following ignition, the fire i)roi)a- 
gates also through all the fuel s})illed previous to ignition. 
The fuel suspended in the air as mist ignites and the fire 
spreads with lineal flame-propagation speeds up to approxi- 
mately TO feet per second. This high flame-i)ropagation 
speed is provided in j)art by the rapid expansion of burning 
atmos})here of fuel mist and air. The flame speed through 
the fuel on the ground along the skid path of the airplane 
and on the wetted airplane surfaces is somewhat reduced over 
that obtained througli fuel mist, particularly if the propaga- 
tion is against the wind. Two ])hotographs of llame move- 
ment through the fuel on the ground behind the airplane 0.9 
and 4.0 seconds after ignition are shown in figures 54 (a) 
and (b), respectively. The flame s})eed in this case is ap- 
[)roximately 14 feet per second. The fire-spread along the 
fuel-wetted surfaces of the airplane wings, fuselage, and 
tailbooms occurs in a manner similar to the ground fire- 
spi’ead. 

If ignition occurs while ai)preciable fuel is suspended in 
the air as mist, the heat released from its combustion often 
rei)resents most of the total heat release in the early phase of 
the fire. Because the fuel in the mist is distiersed through a 
large volume of air, each droplet is surrounded by a suffi- 
cient (piantity of air to burn a significant portion of the 
droplet. Tlie fuel mist is consumed rapidly, tliei*efore, and 


42 


REPORT 1133 — NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


seldom persists for more than 20 seconds. Tlie fiiel-mist 1 
fire at its early develo])ment, shown in fignre 55 (a), B.O 
seconds after ignition, appears as a solid wall of flame ex- I 
tending 45 feet behind and 05 feet above the airplane. The 
heated fuel mist rises as it burns. The lieat radiated to the 
airplane fi’om burning fuel mist lessens rai)idly as the fuel 
mist rises and accpiires at the same time an envelope of opaque 
l)lack smoke characteristic of petroleum fuels (such as gaso- 
line) burning in the open air. In this phase the mist fire 
has the appearance shown in ligui’e 55 (b), 5.2> seconds after 
ignition. The burning coi’e of mist, visible in the figure, is 
the last to burn out and leaves the fuel evaporating from the 
wetted surface of the airplane and the ground to continue 
the fire as shown in the ])hotograph of figure 55 (c). 

Of the fuel spilled on the gi'ound, a large ])ortion soaks 
rapidly into dry unfrozen soil. When the crash takes place 
on slo])ing ground, as in tlie studies condiK’ted here, the pools 
of fuel that collect ai*e (piite shallow, and only during the 
lirst few minutes after the crash are there appreciable (juan- 
tities of li(piid fuel exposed in the air})lane slide path to 
provide combustible vapors in large quantities. For a few 
seconds after the fire starts, these vapors rise and burn to 
form a column continuous with the burning fuel-mist mass. 
The lower ])ortion of the towering column of smoke and 
fire shown in figure 55 (c) is ])rovided by this vaporized 
fuel. Some of the fuel that soaked into the ground released 
vapors at a sufficient rate in the hot environment of the fire 
to maintain small fires that burn close to the ground for 
several minutes after the fire starts (fig. 55 (d)). 

Following the initial rapid consumption of the fuel that 
is spilled on the ground and sus[)ended in the air while the 
crashed airplane is in motion, the fire shrinks to the zones 
adjacent to the airplane with a marked reduction in the heat 
radiated to the sui-roundings. Close approach to the burn- 
ing airplane can now be made by normally clothed personnel. 
The air temperature at ground level close to the fire differs 
little from the normal air temperature, since the air heated 
by the fire rises overhead with the smoke and tlames. 
Radiation from the flames and hot metal of the airplane 
structure may be intense, but can be tolerated by unpro- 
tected skin for several minutes. At this stage, the fire on 
the outside of the aii‘j)lane is fed by fuel ])ouring from the 
damaged tanks and seeping through the seams on the lower 
surfaces of the wings; by oil from the fire-damaged or me- 
clianically damaged lubricating system; by hydraulic fluids 
from the brake and wheel-strut actuating system; and by the 
aluminum skin and structure, the fabric skin, and the mag- 
nesium engine ])arts. The oil fires lie close to the engine 
nacelle whei-e the oil distribution system and tanks are 
located. Once ignited, the magnesium engine parts continue 
to burn with the characteristic blue-white flame even after 
the surrounding fuel or oil fire subsides (fig. 5G). The 
aluminum parts, particidarly the skin, ignite early in the fire. 
The aluminum burns only in the high-temperature environ- 
ment provided by adjacent fire. On the ground close to the 
fire, rivulets of molten aluminum form and flow by gravity 
to cooler zones and solidify. 


After the flash fire that spread through the fuel spilled I 
])revious to ignition burns out and the fire is localized in the I 
immediate area of the airplane, the relatively slow propa- 
gation of the fire provided by ignited fuel pouring to the 
ground and through the wing structure becomes apparent. | 
This burning fuel, running by gravity, spreads the fire to 
areas not wetted by fuel in the initial fuel spillage while the 
airplane was in motion. If the ground slopes downward 
from the wings to the tail, this burning fuel will flow on , 
the ground along the outside of the ])assenger compartment 1 
of the fuselage. Contact between the fuselage skin on the 
ground and this fuel may occur, depending on the direction 
taken by small ground grooves and sinuous channels. Such 
grooves and channels are formed by vegetation and soil ero- 
sion usually present on the ground or are plowed by the 
dangling airplane parts, such as propeller blades or broken 
wheel struts. The distance this ground-floAving fuel will ex- 
tend from the fuel-tank source in these grooves and channels 
depends largely on the fuel How rate and the rate of gi'ound 
absorption of the fuel. The fuel fire spread in this way is 
maintained for many minutes, fed continuously by the fuel 
pouring from the tanks. Burn-through of the fuselage skin 
is almost a certainty if contact between fuel stream and 
fuselage occurs. Loss of the skin by fire burning from fuel 
stiTams that extend parallel to the fuselage Avithout con- 
tact can occur if the local Avind bends the flames to lick 
against the fuselage skin in the manner shoAvn in figure 57. 

If the gTound slopes doAvuAvard toAvard the nose of the air- 
plane, the fuel floAvs aAvay from the passenger section of the 
fuselage and fire destruction of this member does not occur 
by the mechanism just described. 

The airplane fire reaches sevei’al secondary peak inten- 
sities before it finally burns out. Barring explosions, the 
first of these peaks usually occurs Avhen the fire burning 
at the fuel tanks enlarges the openings from Avhich the fuel 
issues or oj^ens undamaged tanks and increases the rate of 
fuel spillage. Such enlargement of the fuel-tank openings 
or burn-through of otherAvise intact tanks, below the fuel 
level, Avill occur sooner Avith bladder- type tanks than with 
metal tanks Avhich have good thermal conductivity. The 
cooling provided by the fuel in the tank retards burning 
of the tank Avails. AVing explosions are usually folloAved by 
a marked resurgence of the fire because of the associated 
fuel scattering (figs. 51 and 52). Such explosions may 
occur Avhen the fire first proi)agates to the Aving from the 
point of ignition or after the Aving fire has been in progress. 
AVing explosions that occur after the Aving fire has developed 
are usually less violent than the explosions that sometimes 
accompany the first ignition of fuel Avithin the Aving. Ex- 
])loding elements of the hydraulic system, such as Avheel 
struts softened in the heat of the fire, Avill spread flaming 
hydraulic fluid Avith spectacular efl'ect (fig. 58). 

AATien the fire burns through the fuselage skin and the 
combustibles Avithin are made available, the fire development 
achieves another peak. Exploding hydraulic-system accu- 
mulators add the hydraulic fluid to this fire and promote 


MECHANISM OF START AND DEVELOPMENT OF AIRCRAFT CRASH FIRES 


43 



(a) Smoke and hydraulic oil vapors issuing (b) Resulting fire after burn through of skin 
from fuselage nose. '■ of fuselage nose. 

Figure 59. - Development of hydraulic fluid fire within fuselage. 



Figure 60. - Cross-over of fire from one side 
of airplane to other through canopy of fuel 
mist. 



Figure 61. - Fire produced by explosion of 
both wings; 1.0 second after ignition. 



Figure 62. - Burning fabric on tail surfaces ignited by fuel-mist flash fire. 
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(a) Fire bumlng on ground on right side 
under empennage of airplane 76 seconds 
after ignition of left side of airplane. 



(h) Progress of fire burning on ground on 
right side 84 seconds after ignition of 
left side of airplane. 



(d) Igaitlon of fuel in right wing tanka 107 (c) Ignition of fuel pouring from right wing 

seconds after ignition of left aide of air- tanks 98 seconds after ignition of left 
_T_ne ^ airplane. 


Figure 66. - Cross-over of fire from left to right side of airplane through fuel trail 

left on ground by airplane. 
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Fkii ke ())>. — Strnctnrnl elements melted in a typical crash tire. 


its si)i*ead inside tlie fuselage. Tlie fire within the fuselage 
burns slowly at first if the fuselage is essentially intact and 
limited combustion air is available. At this time, large Aa>l- 
nmes of smoke, r(‘|)resenting condensed and partially burned 
liydraulic'oil vapors and other volatile materials, are often 
observed issuing from the fuselage, as shown in figure 50 (a). 
.Vs the fuselage skin is consumed in the fire, access for addi- 
tional air develops, with a corresponding further fire devel- 
oi)inent. AVdien a large hole burns through the skin at the 
top of the fuselage, the air flow is further promoted by 
chimney action. The fuselage fire attains its peak at this 
time. A view of the fuselage fire (fig. 50 (b)) shows the 
combustible smoke that issued earlier from the fuselage (fig. 
50 (a)) burning with a bright flame. The appearance of 
flame at the door frame shows the fuselage being consumed 
by fire from within. 

The last fii’es to burn out are often those from fuel that runs 
under the air|)lane fuselage whei*e it burns slowly with re- 
stricted air supply, oil around the oil tank and nacelle, 
magnesium engine ])arts, and laibbei* tires of the landing 
wheels. 

Ifi-ogi-essi ve colhi|)se of the main airplane sti'iicture not 
damaged in the crash impact occurs in the fire as main siqi- 
porting elements are buiaied, melted, or softened by the heat. 
Structural elements melted in the fire show the sharp-edged 
and ])ointed stalactites of fused aluminum illustrated in fig- 
ure Go. Typical of structural collapse by fire is the failure 
of the tailboom shown in figure G-t. 

At times, with fuel spillage on both sides of the crashed 
airjdane, fuel ignition occurs on one side only. Cross-over 
of the fire from one side to the other ap])ears to be possible 
through the cano])y of fuel mist that often forms above and 
slightly behind the crashed airplane, although it has not been 
observed in the crashes conducted so far. The conditions 
necessaiw for a cross-over of fire through the fuel mist are 
shown in figure GO; however, in this case cross-over did not 
occur, because of the rapid development of the fire on the 



Figuke 04 . — Structural collapse due to melting and burning of skin 
and structural members. 


left side of the airplane. A map of the progress of this 
fire during the first second following ignition as the flame 
propagates from the right nacelle towards the left side of 
the airplane is shown in figure 65. The family of curves in 
the figure represent the outline of the fire in 0.1-second inter- 
vals, stai-ting at the right nacelle and later at the left engine 
tail pipe. These data show an average vertical rate of prop- 
agation of the fire of GO feet per second and a uniform hori- 
zontal rate of 25 feet per second over a O.G-second ]>eriod. 
Explosion of both wings occurred just as this flame pattern 
was established and produced the fire shown in figure Gl. 

Cross-over of fire did take place, however, along the liquid- 
fuel path left in the trail of the crashed airplane and on the 
airplane itself. Tn one crash of an airplane carrying fuel 
of low volatility (8 mm Ilg Reid vapor pressure), fire oc- 
curred on the left side, as shown in figure 19 (c). The fire, 
as it ap])eared on the right side as the aii plane came to rest, 
is shown in figure 62. Oidy the fabric of the empennage 
control surfaces, ignited by the fuel-mist flash fire, is burn- 
ing on this side. Fire traveled to the right side of the air- 
plane along the rivulet of fuel running from the right-wing 
tanks downhill to the fii*e burning in the skid ])ath of the 
airplane on the left side 60 feet behind the airplane empen- 
nage. The fire that moved along this fuel ilvulet on the 
ground is shown in the succession of photographs in figure 
66. The right wing became involved in the fire approxi- 
mately 107 seconds after the crash. That propagation of the 
fire forward through the thin mist of low-volatility fuel 
suspended in the air on the right side of the airplane did 
not occur is probably related to the relative advantage that 
low-volatility fuel confers under these circumstances, as 
shown by the data on maximum distance from the mist source 
for upwind llame j)roi)agation (fig. 22). 

The history of the crash fires obtained with fuel of low 
volatility was identical to that involving gasoline. The 
large heat release from the burning fuel mist raised the 
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Figure 65. — Map of progress of fire following ignition as it appears 

ignition in 


temperature in the airplane zone, and differences in fuel 
volatility measured at normal atmospheric temperature were 
no longer significant in this high-temperature environment. 
In crash fires with fuels of low volatility in which large 
masses of burning fuel mist are not involved, some advantage 
in the rate of fire spread may be gained in the early phase of 
the fire. Once the fire propagates back to the source of the 
fuel and ignites the fuel as it is released from the fuel sys- 
tem, the rate of fire development depends primarily on the 
fuel-spillage rate, with fuel volatility being of secondary 
importance. 

The course of the crash fire described is related to those 
fires involving fuel spilled in the manner imposed in these 
full-scale studies. Except for the early fire through the fuel 
mist and fuel on the gi'ound in the skid path of the crashed 
airplane, however, the development of the fire described is 
similar in main events to transport crash fires recently ob- 
served in which little fuel spillage preceded ignition. 

CONCLUDING REMARKS 

It is evident from the manner in which these full-scale 
crash studies were conducted that no evaluation can be made 
of the relative frequency with which the various ignition 
sources will initiate fires in crashes that occur in civil and 
military operations. Such information must come from air- 
plane operational experience, with great doubt always pres- 


to camera viewing airplane head-on. (Niiinbers refer to time after 
seconds.) 


ent because of the inaccuracy of observations on the initiation 
of the crash fire. In view of the diversity of ignition sources 
revealed by this crash study with a given airplane and fixed 
experimental crasli conditions, it is difficult to make such a 
comparative evaluation even if the obstacles and nature of 
the terrain involved in the airplane crash are specified. If 
a detailed description of the airplane damage could be speci- 
fied, however, along with the order in which the damage was 
imposed, the state of the airplane motions, the wind, and 
the contour of the crash site, some approximation of the rela- 
tive likelihood of fire initiation by a particular ignition 
source could be made on the basis of the information 
obtained from this crash study. 

The same observations apply to an evaluation of the mar- 
gin of crash-fire safety that the use of fuels of low volatility 
will provide as compared with the use of gasoline in the air- 
plane. Tliese crash-fire studies demonstrated only some of 
the circumstances under which fuel volatility does not matter 
in fire initiation and indicated the possibility of other con- 
ditions for ignition that would not be influenced by fuel 
volatility. The relative frequency with which these circum- 
stances appear in actual crashes cannot be estimated on the 
basis of this work with a sufficient order of accuracy to obtain 
a meaningful estimate of the value of fuels of low volatility 
in reducing the crash-fire hazard. Some little significance 
may be attached to the fact that, of four airplanes crashed 
with low-volatility fuel, two did not burn; whereas, fires 
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were obtained witli almost all (six out of seven) airplanes 
crashed with gasoline when ignition-source inerting was not 
employed. Plowever, in one of the crashes with low- 
volatility fuel in which no fire occurred, both engines were 
ripped from their mounts at the crash banner and did not 
spend a sufficient time in the fuel mist behind the airplane to 
})rovide an ignition on the exposed hot exhaust-collector 
rings. The low-volatility fuel has a spontaneous-ignition 
temperature equal to, or slightly less than, aviation-grade 
gasoline. A surface hot enough to ignite gasoline in a given 
contact time could certainly ignite the low- volatility fuel in 
the same time. It is believed that fuel volatility was not the 
factor determining whether or not fire did occur in this case. 

In the second of the crashes with low-volatility fuel in 
wliich no fire occurred, the engine ignition was cut while 
the airplane was in its full-power taxi run 2 seconds before 
reaching the crash barrier. Little nacelle damage occurred, 
because the propellers struck the barrier at reduced speed 
and no engine power. A small oil fire appeared in the left 
nacelle from lubricating oil burning on the exhaust-collector 
ring. No other combustible spillage occurred within the 
nacelle. The nacelle cowl was intact. The quantity of oil 
involved in the fire was quite small, and the fire did not ap- 
IDear outside the nacelle except for a brief flash ly^ seconds 
after crash on the inboard side of the left nacelle. At this 
time, the airplane was moving too fast for the fuel to extend 
from the wing-tank rupture to the inboard side of the na- 
celles. Because it is difficult to determine from the motion 
pictures whether or not the fuel ever did extend to the na- 
celle and because the fuel does not have sufficient vapor pres- 
sure to be detected by the combustible-vapor detectors, it 
cannot be stated with certainty that no fire would have oc- 
curred if gasoline had been used in this crash. Some ad- 
vantage from the use of low-volatility fuel may be indicated 
in this case. The results obtained in this crash study indi- 
cate that the use of low-volatility fuel does not in itself 
represent a wholly acceptable solution to the crash-fire 
problem. 



Figure 67. — Drip fence to prevent spanwise flow of fuel from fuel 
tanks to nacelle by wetting conduction on lower surface of wing. 


The modes of fuel distribution to ignition sources in a 
crash revealed in this study indicate that, with regard to 
fuel spillage in liquid form, some crash-fire safety can be 
provided in aiiqtlane design. Any feature of wing design 
promotes crash-fire safety that effectively impedes the flow 
of wing-spilled fuel toward the engine nacelle and wheel 
well and provides for the drainage of this fuel at some rela- 
tively safe location at the trailing edge. Fuel running by 
wetting conduction likewise is effectively intercepted by any 
pronounced chordwise ridge or crease in the lower wing skin 
that serves as a drip fence (fig. 67) . This drip fence is par- 
ticularly desirable for intercepting fuel flowing by wetting 
conduction to the engine exhaust (see fig. 27). It is un- 
fortunate with respect to crash-fire safety that such discon- 
tinuities in the wing surface do not appear in normal wing 
construction. Wing tanks currently under development, 
which do not burst under the hydraulic loading experienced 
in a crash, will obviously reduce the probability of crash 
fire by fuel spillage within the wing. 

In crashes in which the wing tanks are pierced by posts 
or equivalent objects, however, fuel spillage will occur re- 
gardless of the material or construction of the fuel tank and 
the method of its support. Because the fuel mist generated 
when this type of fuel-system damage is imposed represents 
such a serious fire hazard, any measure that impedes the 
flow of tlie fuel tlirough the tank breach lessens the fire 
danger. The fuel-flow impeding action desired should be 
equivalent to that which would be obtained if the fuel tanks 
were divided into small interconnected cells. In regard to 
tlie hazard of fuel-mist ignition, the greater the distance 
spanwise, aft, and down the fuel is stored with respect to 
the engine, the lower the likelihood of contact between fuel 
mist and ignition sources at the nacelle. The total storage 
of fuel in pod tanks suspended below the wing at a station 
10 feet or more spanwise from the engine nacelle would 
lessen the likelihood of fuel-mist spread to the nacelle in a 
crash. Flow of the liquid fuel through the wing structure 
or by wetting conduction is avoided with this type of fuel 
storage. 

The role that electrostatic charge accumulated on parts of 
a crash airplane plays in setting a fire, as revealed in this 
study, may explain the origin of some of the fires started in 
tlie wake of crashed airplanes on airport runways. Reports 
of such fires attributed them to friction sparks. Electro- 
static discharge from debris trailing the airplane may repre- 
sent another ignition means for these fires. Currently avail- 
able paints that give some protection against electrostatic 
sjiarks may provide effective control of this fire hazard when 
applied to those lower members of the airplane likely to be 
separated in a crash. Because little electrostatic charge is 
accumulated by blowing dust when the relative humidity is 
above 70 percent, fire from this source is more likely to occur 
on clear dry days than on humid days. Crash landings on 
damp ground or ground well covered by green vegetation 
where little dust is raised around the skidding airplane 
should be relatively safe from ignition by dust-generated 
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electrostatic discharge. When sufficient time is aA’ailable, 
li^lit Avettino- down of an aiiffield site Avliere a difficult land- 
ing is to he made is a "ood precautionary measure. Friction 
sparks of sufficient size and temperature to i^-nite fuel can 
he obtained from steel or magnesium airplane ]>arts abraded 
under hii^li contact pressure AAutli stony ground or concrete 
paving. It is desirable in regard to crash (ire that, Avhen- 
ever possible, these metals be in areas of the air})lane not 
likely to scra})e along the ground in a crash. The use of non- 
sparking matei'ials for nuts, holts, pitot tubes, drains, etc., 
tliat may be in ground contact in a crasli Avould be advan- 
tageous. 

ddiese studies shoAV hoAv readily any combustibles spilled 
Avithin the nacelle are ignited; therefore, it is desirable that 
the components of the fuel, lubricating, and hydraulic sys- 
tems be located high in the nacelle Avhere crasli damage to 
these components is least likely. Oil coolers and fuel strain- 
ers often liave vulnerable })ositions in the nacelle. Tubing 
containing combustibles should be arranged to accommo- 
date the nacelle distortions produced in crash. 

The action a ])ilot may take just ])revious to crash to 
lessen the likelihood of fire depends on the circumstances 
of the pending crash. Certainly, the less fuel carried by the 
air])lane into the crash, the smaller the probability of fire. 
Experience gained in this crash-fire study indicates that in 
the event that a crash is likely, the engine fuel vah^e should 
he closed I'ather than the engine ignition turned ofi. There 
is no assurance that fuel tloAving thi*ough an engine aatII not 
ignite if the engine ignition system is turned off. Hot 
cylinder-valve comi)onents or the exhaust-disj)osal system 
can provide the ignition that may result in a flame from the 
engine induction-system iidet or exhaust-system tail pipe. 
Evidence that such ignition does occur appeared in the crash 
preAnously described in Avhich the engine sAvitch AA^as turned 
olF 2 seconds before crash impact. Immediately after the 
ignition SAvitches Avere turned off, a sequence of exhaust 
flames appealed, one of Avhich is shoAvn in figure 7 (c). At 
2.2 seconds after impact the llaines shoAvn in figure 7 (b) 
Avere observed at the engine induction-system inlet. It ap- 
pears more desirable, rather, to close the engine fuel valve 
before crash Avith the engine ignition system operative. By 
ihese arrangements, the fuel that dribbles into the engine 
burns in the normal Avay in the engine cylinder Avith less 
chance for producing undesirable exhaust or engine inlet 
(lames. Several reAulutions of the engine usually suffice to 
exhaust the fuel in the engine induction system, and, from 
then on, the engine ingests only air. if time permits after 
the available engine fuel is exhausted, engine ignition shut- 
off' may provide an extra margin of safety. Modern air- 
ci*aft ignition systems are so Avell ])rotected by the engine 
parts that damage to the system Avhile the engine is rotating 
and driving the magnetos does not appear very probable. 
When fuel shut-off cannot be achieA^ed prior to crash, then 
turning oft the engine ignition may be desirable in order 
that the propeller impact Avith the ground take place at re- 
duced engine speed and ])owei*. In this way extensive de- 


struction of the engine nacelle may be pre\"ented, and a 
corres|)onding reduction in the number of ex])osed ignition 
sources may be realized. The likelihood of broken fuel and 
oil lines Avithin the nacelle is also lessened. 

The a])])roach to a hazardous landing should be made Avith 
only those ])ortions of the electi'ic circuit energized that are 
required for air])lane operation. In order to maintain the 
exhaust system below the ignition tem])ei‘ature of fuel and 
oil, the approach should be made at as low an engine power 
as ])ossible consistent Avith other safety considerations and 
witli the cowl flaps open Avide. The hazard of fuel ignition 
by electrostatic or friction sj)arks is lessened if the landing 
can be made along a Avell-developed grass-covered strip 
parallel and adjacent to a ])aved runway. Greater damage 
to the aii*plane structure is sometimes obtained by landing on 
the turf Avith wheels up than on the runway because of the 
])lowing and scooping of the ground by the deformed fuse- 
lage and nacelles. Midwing or high-Aving airplanes Avith a 
solid fuselage belly stiaicture unbroken by hatches of bomb- 
bays could land on turf without significant plowing. Free- 
dom from fi'iction and electrostatic sparks Avould be gained 
for these airjdanes Avithout increasing the likelihood of se- 
A’ere fuel S])illage ])roduced by the structural deformation 
that sometimes accom|)anies ground plowing. Airport 
crash-accident equipment can move to the air])lane along the 
adjacent ])aved rumvay. The flight fire system should be 
discharged into the nacelle a few seconds after touchdoAvn 
to provide a small additional margin of safety. Less dam- 
age to the nacelle Avill occur if the propellers are left in the 
unfeathered rather than in the feathered position. 

In vieAv of the effective pi’otection ])rovided by the Avatei- 
spray on the hot components of the exhaust system, the ques- 
tion naturally arises concei'iiing the A’alue of employing the 
fire-extinguishing agents, cari-ied for (light fires, to reduce 
the likelihood of fire in a crash. Breliniinary estimates in- 
dicate that the quantities of extinguishing agent carried in 
(light fire systems can i)i‘ovide a significant measure of ])ro- 
tection in a ci’ash, when properly employed. As in the case 
of the Avater spi*ay, the fire-extinguishing agent should be 
applied directly to the hot metal parts by means of a dis- 
tribution system com])arable witli that used in the AAYiter- 
spray system. In this Avay, cooling of the exhaust system by 
evajioration and decomposition of the agent is promoted, 
and effective ineifing of the adjacent atmosphere is accom- 
plished. The quantity of agent from the flight fire system 
Avould be adequate to inert the exhaust system for the time 
])eriod that is most hazardous if a distribution system could 
be designed that would confine the agent to a layer around 
the collector ring ap])i‘oximately % inch thick. Such a dis- 
tribution system would probalily have the general ajipear- 
ance of that enqiloyed by the Avater system. The extinguish- 
ing agent should be metered to giA'e a continuous tlow for 25 
seconds from the moment of crasli impact. The 25-second 
interval coA^ers the hazai’dous period Avhen the airplane is 
in motion folloAving crash and fuel is sjiread by the methods 
discussed, and the brief period after the airplane comes to 
rest Avhen the fuel mist is being cleared by the Avind. Un- 
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less the fire-extinguishing agent has a sunicient heat of | 
vaporization to cool tlie hot surfaces to safe temperatures, 1 
however, a residual ignition hazard exists with the fuel flow- | 
ing througli tlie airplane structure and by wetting conduc- | 
tion and accumulated fuel va])ors. A modest amount of 
water, carried separately, discharged with the extinguish- 
ing agent through the same distribution system may provide 
the necessary additional cooling. Further study is required 
to establish eifective combinations of extinguishing agent 
and water, or other liquids, that may be eni[)loyed. Highly 
water-soluble materials, like salts and ainnionia, or engine 
heat may be employed to keep the water in liquid form at ' 
low atmospheric temperatures. Because the ex})erimental I 
ignition-.source ineiTing systeni ])i*oved so elective in pi-e- 
venting crash fires in this investigation, its further study 
and development for special airplane applications is 
desirable. 


Lewis Flight Propulsion Laroratory 

Xational .Vdvisory Committee for Aeronautics 
Cleveland, Ohio, August 7, 1952 
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TABLE 1.— FUEL ANALYSES 



Aviation gasoline, 
1(X)/130 grade 

Low-volatility 

fuel 

Distillation, °F 


i 

Initial boiling point . _ __ 

104 

295 

Percentage evaporated: 



5 

135 

' 330 

10 

149 

335 

20 

168 

340 

30 

185 

343 

40 

201 

345 

50 

214 

348 

60 

223 

350 

70 

232 

354 

80 

241 

357 

90 

257 

364 

95 

282 

369 

Final boiling point _ 

330 

378 

Residue, percent 

0.6 

1.0 

Loss, percent _ _ _ _ 

0.9 

0 

Reid vapor pressure, lb/.sq in 

6.1 

0.1 

Specific gravity at 60° F/60° F_ . 

0.700 

0.781 

Refractive index 

1.3934 

1.4374 


TABLE ll.— FUNC’TIONING TIME OF INERTING SYSTEM 


Ignition source 

Time after 
crash 
impact 
ignitions 
observed, 
sec 

I ner ting-system compo- 
nents protecting igni- 
tion source 

Function 
time of 
inerting- 
system 
component, 
sec 

Hot surfaces: 




P^xhaust system.^ 

1.3 

Water spray . 

0.19 


.7 




1.9 




3.8 



Heat exchanger _ 

12.1 

Water spray 

.19 

PJxliaust flame: 




Torching 

4.1 

CO 2 and water and 

0.34 


1.3 

fuel shut-off 



2.0 




3.5 




1.9 



Exhaust gases 

.1 

CO 2 and water and 

.34 



fuel shut-off 


Electrical system: 




Arcs_ 

1.0 

p]lectric shut-off_ 

O.IO 

P'ilameiits- . 

.6 

None 



.6 



Induction-system flames. 

2.2 

CO 2 

0.06 


3.5 




7.7 



Chemical agents 

4.4 

All 



3.5 




3.5 



Phectrostatic sparks 

1 

2.4 

None 1 ^ 

j 
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SYNOPSIS 

A rev^iew of the literature and accident records on aircraft 
crasli fires indicated tlie need for experimental work in this 
held Avith modern fuels and aircraft powered with recipro- 
cating and turhine eno*iiies. Because human suiwival of 
ci-ash impact is most likely in landing and take-otf accidents, 
the study of the hre that often follows such accidents Avas 
assumed to be the most fruitful area of research in this held. 

The infoi’ination obtained in this study on the mechanism 
of the crash hre is intended to serA’e as a factual background 
on AAdiich improA^ement in airplane crasliAA’orthiness may be 
based. The crash-hre problem Avas studied by conducting 
full-scale crashes Avith twin-engine cargo aircraft ])rovided 
by the T^. S. Air Force (hgs. 1 and 2). The aircraft AA^ere 
fully instrumented to recoi’d signihcant data in the crash 
and hre that folloAvs regarding fuel spillage, combustible- 
A’apor distribution in areas adjacent to ])otential ignition 
sources, locations and timing of electrical-system ignition 
sources, hre incidence and ])rogression, temperatures and 
toxic-gas concenti‘ations in personnel compartments, and the 
decelerations the seA^eral main components of the air[)lane 
undergo in the crash. High-speed motion pictures of the 
crash Avei*e obtained that reA-ealed many of the details of the 
mechanism of crash hre. SeA’ei*al of the factors obserA’ed to 
be signihcant in the full-scale crash ])hase of this AA'ork AA^ere 
studied in detail under simulated ci'ash circumstances. ( )nly 
the Avork done on aircraft Avith i*eci])rocating engines is suf- 
ficiently complete at this time to be reported herein. 

The arrangements for conducting the full-scale crash 
study are shoAvn in hgure 4 (a). The monorail in the fore- 
ground guided the air]dane, AA'hich Avas accelerated from rest 
under its oavii poAver, to the obstructions shoAvn in the mid- 
dle of the hgure. Airplane speed u|)on impact Avith these 
obstructions ranged from 80 to lOo miles ]>er hour. The 
abutments in the ])ath of the landing Avheels sti’ipped the 
landing gear from the airplane. The height of the abut- 
ments Avas adjusted to j^ermit the striking airplane propellers 
to produce extensiA^e nacelle damage short of breaking out 
the engine. Tn this Avay the generation of ignition sources 
by the engine Avas ])romoted. Poles arranged to ri]) into 
the Aving leading edges and Aving fuel tanks about 5 feet 
outboard of the nacelles produced fuel spillage that Avas dis- 
tributed extensively around the crashed airplane. The ])ro- 
gressiA’e damage to the airplane at the crash barrier is illus- 
trated schematically in figures 4 (b) to (d). Each airplane 
carried 1050 gallons of gasoline or loAv-A’olatility fuel de- 
scribed in table I. The fuel Avas usually dyed red to ini- 
proA^e its photogra})hy in color. 

Inquiry into the mechanism of the crash fire centers on the 
ansAvers to tAvo questions: Hoav and Avhen do ignition sources 
appear in the airplane crash, and IIoav does the fuel come 
into contact Avith the ignition sources? The ignition sources 
revealed in this study are those that are familiar from ex- 
perience ill normal air])lane operations and other technical 
fields. These ignition sources are listed in table II (col- 


umn 1) along Avith the time of their appearance after crash 
impact (column 2) . 

Jn these crashes the fuel Avas observed to spill in liquid 
foi’in from broken fuel lines and tanks, as premixed fuel 
A^a})or and air from the damaged engine induction systems, 
and as fuel mist around the airplane Avhen the spillage ap- 
pears on the outside of the airplane Avhile it is in motion. 
In the last case, the iiressure and viscous forces of the air on 
the fuel rip it to mist that moA^es Avith air around the air- 
plane. In the crash arrangements employed in this study, 
licpiid and mist spillage occurred in eA^ery crash, and car- 
bureted fuel spillage from the engine induction system in 
only a feAv cases. These latter instances, hoAveATr, Avere suffi- 
cient to reveal hoAV such spillage initiates a fire. 

The fuel that si)ills to the open air thi*ough the breach in 
( he leading edge of the Aving can attain appreciable spanwise 
s])read as mist forAvard of the leading edge of the Aving and 
reach ignition sources located around the nacelle. As the 
aii'plane decelerates in the crash, the fiiel op[)osite the breach 
in the tank has a speed that is greater than the existing air- 
plane speed. The fuel sui‘ges foiuvard through the breach 
in the tank and is atomized by the air. The air forces that 
atomize the fuel to mist also impart a spaiiAvise A^elocity 
coni[)onent to the fuel dro[)lets. As this spainvise A’elocity 
component is acquii’ed, the forAvard velocity declines. If the 
airplane is moving rajiidly, it moves by the spreading pattern 
of fuel mist before the mist has an appreciable time to 
s[)i*ead spaiiAvise. If the airjilane moves sloAvly, the fuel 
mist attains significant spaiiAvise extension around the for- 
Avard ])ortions of the airplane, and contact Avith ignition 
sources at the nacelle is likely. 

The combination of reduced airplane speed and high air- 
j)lane deceleration represents the condition of airplane mo- 
tion most hazardous Avith respect to fuel-mist ignition at 
the nacelle. A comparison of the small spaiiAvise distribu- 
tion of the fuel obtained AAdien the aiiqdane speed is high 
and the deceleration is Ioav (fig. 17 (a) ) Avitli the large fuel- 
mist spaiiAvise development forAvard of the Aving leading edge 
obtained at Ioav airplane speed and high deceleration (fig. 
!()) shoAvs these etfects clearly. 

Because a feAV seconds are reipiired for the airplane to 
sloAv from its high speed at crash impact, contact betAA^een 
the fuel mist and ignition soui’ces of the nacelle occurs sev- 
ei*al seconds after impact. An example of this time delay 
re([uired for fuel-mist contact is given in figure 12, Avhich 
shoAvs a series of exhaust flames issuing from the engine tail 
pipe during the airplane slide from the crash barrier to near 
rest, Avhen ignition of the gasoline mist occurred at the en- 
gine tail pipe (fig. 12 (d)). Ignition of the gasoline mist 
by the hot exhaust-collector ring, involving a similar time 
delay, is shoAvn in figure 38 (d) . 

The substitution of loAv-volatility fuel for gasoline does 
not matei*ially reduce the likelihood of ignition Avhen contact 
betAveen the fuel mist and a potent ignition source occurs. 
The ignition of the mist of loAV-volatility fuel at the engine 
tail pipe is shoAvn in figure 10. The large fuel-mist fire on the 
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left side of tlie airplane (fig. 19 (b)) folknved the ignition 
11/2 seconds earlier in figure 19 (a). These results indicate 
that fuels of low volatility will ignite and burn readily when 
disj^ersed as mist, and their adoption for reci})rocating en- 
gines would not alone re[)resent an acceptable solution to the 
crash-fire problem. 

Because the fuel mists are air-borne, they persist in the 
air around the crashed airplane for a time that varies in- 
versely with the wind speed (fig. 11). Fuel mists in ig- 
nitible concentrations seldom persist around the airplane for 
more than 17 seconds after the airplane comes to rest. If 
a tail wind sweeps the mist from the crash area, the likeli- 
hood of ignition is momentarily increased as the dense por- 
tions of the fuel mist are swe])t over the nacelle by the wind. 
Because of the large error inherent in making a visual esti- 
mate of the persistence time of the fuel mist in the neigh- 
borhood of the airplane, it was not possible to evaluate the 
effect of fuel volatility on this persistence time. Fuel vapors 
associated with the mist will move with the wind approxi- 
mately as the smaller mist droplets and may have a per- 
sistence time a few seconds greater than the bulk mist. 

Transition from fuel-mist spillage to spillage in liquid 
form in the open air takes ])lace as the airplane slows to rest. 
Because of the high rate of air dilution provided by normal 
air movement in the o|)en, combustible concentrations of 
gasoline va])ors coming from the liquid gasoline on the 
ground appear only close to the fuel spillage in strata 
that lie close to the ground. Where protection from wind 
is obtained by vegetation, ground channels or ditches, or 
components of the ci*ashed airplane, a marked increase 
exists in ignition hazard distance from the liquid spillage. 
In general, however, the likelihood of ignition of vapors 
from liquid pools of gasoline in the open air does not appear 
significant unless the ignition source lies within a few inches 
of the ground. Except for burning droplets of oil di'i 2 :)ping 
from the nacelle, broken elements of the exhaust-disposal 
system falling to the ground, or friction sparks, the ignition 
sources can be expected to lie above this combustible layer 
of vapor. 

Gasoline spilled within the enclosed cavities of the air- 
plane, where low air-ventilation rates exist, can generate 
large volumes of combustible concentrations of vapor that can 
move through the channels provided by the airplane struc- 
ture. I uel in both liquid and vapor form can flow through 
these channels by gravity and achieve a considerable dis- 
placement away from the fuel-spillage point. Hot-gas ducts 
of the icing-protection systems or cabin air-conditioning, 
for example, lead to heat exchangers that are often at 
temperatures above the fuel-ignition temperature. In figure 
25 (c) is shown the fire that follows the movement of wing- 
s])illed fuel through the icing-system hot-air distribution 
duct that runs along the wing leading edge to the engine 
exhaust-gas heat exchanger on the engine tail pipe below the 
wing (fig. 25 (b) ). Propagation of the fire into the wing 
along the path of fuel produced the wing explosion shown 
in figure 25 (c). Because of the time required for fuel to 


move to the ignition source, this fire occurred 12 seconds after 
crash impact. 

Ignition sources within the wing belong to the wing elec- 
trical system. Damage to this electrical system during crash 
impact can produce ignition sources close to the wing fuel 
spillage, and fire follows almost immediately. In figure 
24 (c) is shown the fire produced by operating landing lights 
that were smashed and driven into the wings by the poles at 
the crash barrier. The wing fire appeared O.GO second after 
crash impact. 

Distribution of fuel in liquid form from the spillage point 
to remote areas can take place on the lower surfaces of in- 
clined elements of the airplane structure. The liquid fuel 
wets and clings to these surfaces, such as the lower wing skin, 
and fiows by gravity. This so-called “wetting conduction'’ 
of the fuel is shown in figure 27 on the wing and nacelle and 
in figure 2G on the elements of the wheel well and landing- 
gear strut. The red-dye trails left by the fuel show the 
wetted path of the fuel, l^ecause of the wing dihedral, the 
fuel tends to move to the nacelle where many ignition sources 
are located, if the wing position is not altered fi*om normal 
in the crash. 

4 he fuel that is S2:>illed as carbureted mixture of fuel and 
air from the damaged engine induction system is generally 
released in zones adjacent to the hot exhaust-disposal system 
and the electrical elements in the engine accessory sections. 
\ variety of ignition sources are available, therefore, to ig- 
nite this fuel. 4 he quantity of fuel in the engine induction 
system is too small to produce a serious fire unless the flash 
fire of this fuel extends to other fuel spillage. In figure 30 
is shown the propagation of the engine induction-system 
fuel fii'e out of the nacelle to the fuel spillage from the wing. 

In an effort to reveal mechanisms of crash-fire initiation 
that may have been obscured by the early fires set by the 
known ignition sources, an ignition-source inerting system 
was installed in nacelles of several aircraft crashed in this 
])rogram. A schematic view of the inerting-system arrange- 
ments is given in figure 31. 44ie four-component inerting 
system includes a fuel shut-off' valve at the carburetor and 
fire wall that brings the engine to rest, a 3-pound charge of 
fire-extinguishing agent injected into the engine inlet to inert 
the engine interior, an electrical system cut-off' switch on 
the battei’v and generator circuits to ])i*event the develop- 
ment of hot wires and electric arcs, and a water-spray sys- 
tem arranged to distribute water to all parts of the hot metal 
of the engine exhaust-disposal system. The steam generated 
on the hot metal surfaces of the exhaust system provided 
2 :>rotection from fuel or oil ignition while the metal cooled 
to tenqieratures below the ignition point of fuel and oil. All 
components of the system were arranged to be actuated as 
soon after crash as possible. 

The only new mechanisms of crash fire revealed in this 
phase of the work with the ignition-source inerting system 
installed in the airplane nacelles is shown in the crash illus- 
trated in figure 44. 44ie landing wheel and strut, which were 
stripped from the airplane at the crash barrier, followed in 
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the Wilke of the airphme sliding' along the ground. In its 
piissage through the soil dust and fuel mist in the vake of 
the airplane, the wheel and strut accuinulated electrostatic 
charge that ignited the fuel behind the aii‘t)hine when the 
wheel strut ap])roached the ground and discharged (tig. 44 
(b) ). The fuel tire pro])agated through the fuel in the wake 
to the crashed airplane. 

Five of the air])lanes that were e(iuipped with the inerting 
system iind did not burn are shown in the photographs of 
figure 40, taken when the aii‘])lanes came to rest after crash. 
A sixth airi)lane, likewise eiiuipped, which was subjected to a 
ground loop (tig. 41), did not burn either. 

This report contains a section devoted to the description 
of the progress of an aircraft tire. Because the section on 
the progress of aircraft tires cannot be given in brief form 
without misinterpretation, its inclusion in this synopsis is 
not attempted. 

The results of this work indicate that significant reduc- 
tions in crash-tire hazard can be realized by any design meas- 
ure that increases the forward and spanwise distance and 
the elevation of the engine with respect to the fuel storage. 
This trend in airplane conpionent arrangement will reduce 
the likelihood of contact between fuel in mist form with the 
manv ignition sources at the nacelle. Devices or design 
features that act to intercept spilled fuel Mowing within the 


channels provided by the airplane structure are also valuable. 
Pi'ovisions for drainage of the intercepted fuel to spilhige | 
points in the open air away from the nacelles would enhance 
the effectiveness of these arrangements. Location of land- | 
in<>* lights away from chord wise positions in front of the 
fuel storage is indicated as well. Preliminary data suggest | 
the value of employing paints that have a reduced tendency 
to accumulate electrostatic charge by friction with dust and | 
fuel on the jiarts of the airplane likely to be detached in a 
crash and trail the airplane. i 

In an a|)proach to an indicated crash landing, the pilot 
should de-energize all of the electrical system not required 
for landing. Engine operation that provides the coolest I 
exhaust-disposal-system tenqierature should be practiced. , 
Just kdoiv touchdowm the fuel How to the engines should be 
cut otf' to allow the engine to piii’ge itself with air before ^ 

crash impact. } 

In view of the effectiveness of the experimental ignition- | 
source inerting system in pieventing crash fires experienced i 
in this studv. the desirability of further study of this system 
for special aii'iilane applications is indicated. A combined 
system for both crash and flight fires may be particularly | 

attractive, because protection for crash and flight fires may ! 

jirove to be possible without serious increases in weight over 
the flight fire system alom‘. ^ 


